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General introduction 
1.1 GENERAL INTRODUCTION 
The pulmonary vascular resistance (PVR) is considered as a comer-stone in the diagnosis 
and management of congenital heart disease The planning of corrective surgery and the 
post-operative management depend on the height of pulmonary artery (PA) pressure 
If PA pressure is elevated and not responsive to hyperoxygenation or administration of 
vasodilators it is said to be fixed leading to the conclusion that the underlying pulmonary 
vascular disease will be irreversible and the prognosis poor 
To avoid development of irreversible pulmonary vascular disease, it is essential to 
repeatedly follow-up PA pressure itself or its sequelae Measurement of PA pressure 
during cardiac catheterization has long been the only possibility to diagnose pulmonary 
hypertension Recently several methods for noninvasive diagnosis of pulmonary 
hypertension have been developed using X-ray, magnetic resonance imaging, isotopes or 
ultrasound 
Echocardiography is harmless and can easily be performed, especially in infants and 
children The development of Doppler cardiography added the possibility of obtaining 
direct hemodynamic information by measuring bloodflow velocity 
Several methods using Doppler echocardiography for noninvasive measurement of PA 
pressure have been described and validated By measuring the regurgitant flow velocity 
of right-sided valve regurgitation, the regurgitation method, it is theoretically possible to 
calculate systolic and diastolic PA pressure by using a modified Bernoulli (1700-1782) 
equation, because the regurgitant orifice can be considered as a thight diaphragm in a 
flow conduit For this method to be feasible, right-sided regurgitation needs to be present 
and regurgitant velocity has to be accurately measurable 
As a consequence of PA pressure elevation the bloodflow velocity curve in the mam PA 
changes Also, these changes can be used in noninvasively estimating PA pressure, the 
contour method In infants and children with congenital heart disease these methods are, 
however, not well validated by comparing simultaneously obtained invasive and 
noninvasive PA pressures Especially changes in the deceleration phase of pulmonary 
blood flow velocity profile have not been described well, while resistance to flow is not 
only changed during flow acceleration, but also during deceleration Deceleration 
parameters are considered to be more likely dependent on PVR than on right ventricular 
(RV) function, probably due to RV deactivation during this part of systole The influence 
of mechanical ventilation on these variables is not known For a measurement to be 
accurate, it has to be reproducible if the echocardiographic examination is performed by 
the same and different operators 
This study was performed to investigate the feasibility, reproducibility and accuracy of 
these methods of noninvasive PA pressure estimation using Doppler echocardiography in 
infants and children with congenital heart disease 
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The normal pulmonary circulation 
2.1 THE NORMAL PULMONARY CIRCULATION 
The postnatal pulmonary circulation is unique in its properties to be a low resistance, 
low pressure and high flow vascular bed The regulation of pulmonary vascular tone is 
complex and is not fully understood at this moment Both cellular and humoral factors 
are involved, in which the vascular endothelium plays a vital role1 In this chapter the 
development of the pulmonary circulation, the transition from fetal to neonatal pulmona 
ry circulation, its regulation and physical properties will be, briefly, discussed 
2.1.1 The development of the pulmonary circulation 
The embryonic development of the lungs from the foregut starts in the 4th week after 
conception2 3 Two lung buds differentiate into bronchi, in which branching continues 
until at the 16th week of intrauterine life all non-respiratory airways are present 
Respiratory airways arise between 16 weeks gestation and birth, some develop in 
infancy Alveoli develop after birth, increasing in number until the age of 8 years and m 
size until growth of the chest wall ends with adulthood At birth only simple air spaces, 
called primitive saccules are present, which give rise to many alveoli with remodeling in 
the acinus Vascularization in the lung occurs by vasculogenesis, in which preexisting 
endothelial cell precursors assemble to form primitive vascular channels After remodel-
ing these channels give rise to arteries, veins and lymphatics Pre-acinar arteries and 
veins follow the development of the bronchi, the intra-acinar that of the alveoli In the 
fetus the wall of muscular arteries is thicker than in adults Muscularization of the vessel 
wall does not keep pace with the appearance of new arteries At the distal end of each 
arterial pathway, the complete muscle coat is replaced by a spiral of muscle before 
disappearing in arteries still larger than capillaries With age there is a gradual extension 
of muscle coat into the acinus, but even at the age of 11 years this is not to adult levels 
Percentage medial thickness progressively decreases in the first 4 months of age4 to the 
adult level with an increase in compliance over the precapillary segment This causes 
the drop in resistance and pressure occunng at and after birth 
2.1.2 The neonatal transitional pulmonary circulation 
At and after birth tremendous changes occur in the pulmonary circulation5 In the 
circulation of both fetus and newborn the main role of the RV is to deliver blood to the 
gas exchange circulation for uptake of oxygen and removal of carbon dioxide In the 
fetus, PVR is high and pulmonary bloodflow is low (approximately 35 ml/min/kg in 
near term fetal lambs) diverting the RV output, through the ductus arteriosus, to the 
placenta At birth with the onset of pulmonary ventilation PVR falls Pulmonary 
bloodflow increases rapidly to 300-400 ml/min/kg allowing gas exchange to occur in the 
lungs Morphological changes in the pulmonary vascular bed occur to facilitate this 
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abrupt fall in PVR4 6 Endothelial cells of precapillary arteries, but also of the small 
muscular arteries of the respiratory unit, show stretching and spreading7 8 9 Many 
small 'unopened' muscular arteries become recruted into the pulmonary circulation 
Vascular smooth muscle mass remains constant at this time10 Structural stabilization 
by the deposition of connective tissue, including the development of the elastic laminae, 
around the vessel wall takes place until 3-4 weeks of age From then, growth continues 
until adulthood. The intrapulmonary arteries increase in size and wall thickness, while 
percentage medial thickness remains unchanged Smooth muscle cells increase in size 
and number and extend along the arterial pathway New alveoli together with respiratory 
unit arteries form during the first year of life" 
In addition to morphological changes, the effects of ventilation (rythmic distention) and 
oxygenation12, the effects of pulsatile flow13 and the effects of various vasoactive sub-
stances are important in the regulation of PVR and pulmonary bloodflow m the 
transition from fetal to neonatal pulmonary circulation Prostaglandin I2, a potent 
pulmonary vasodilator14, is essential for the regulation of PVR during rythmic distensi-
on of the lungs, but not in ventilation with oxygenation15 Bradykinin, produced on 
oxygenation gives rise to pulmonary vasodilation15 A part of the bradykinin induced 
pulmonary vasodilation is inhibited by blocking prostaglandin I2 production with 
indomethacine15 The vasodilation is therefore only partially the result of an increased 
prostaglandin I2 level A direct bradykinin effect and induction of other vasoactive 
substances as nitric oxide are present It has been shown that adenosine and ATP can 
increase pulmonary bloodflow to postnatal levels in fetal lambs by stimulation of PI and 
P2 punnergic receptors independently of prostaglandin synthesis16 Nitric oxide, 
formerly called endothelial derived relaxing factor (EDRF)'7, is produced in endotheli-
al cells Its production can be stimulated by receptor agonists including bradykinin, 
angiotensin II, arginine-vasopressin, catecholamines, histamines and ATP, but also by 
electrical field stimulation and shear stress18 In fetal and newborn animals nunc oxide 
causes pulmonary vasodilation" Nitric oxide production as well as that of endothelial 
cell derived prostaglandin I2 may be responsible for the decrease in PVR that occurs 
with onset of normal ventilation after birth. Exact mechanisms inducing elevation or 
decrease of PVR and stimuli that induce production of vasoactive substances are not yet 
fully established19 
2.1.3. Humoral and cellular regulation of the pulmonary circulation 
The regulation of PVR and pulmonary bloodflow is complex Interaction between 
endothelial cells, smooth muscle cells and numerous vasoactive substances released by 
these cells or elsewhere in the circulation is responsible for the balance between 
pulmonary vasoconstriction and vasodilation At this moment a great deal of research in 
the field of cellular and molecular biology is performed exploring the pulmonary circu-
22 
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lation The endothelial cell plays a major role Prostaglandin I2, nitric oxide and 
endothelial derived hyperpolarizing factor are potent vascular smooth muscle relaxants 
produced by the endothelial cell Powerful vasoconstrictors are also released by the 
endothelium Platelet-derived growth factor20 21 and endothelin-122 both cause pul-
monary vasoconstriction 
Prostaglandin I2 (prostacyclin) 
Prostaglandin I2 is a potent vasodilator and inhibitor of platelet aggregation produced by 
the vascular endothelium23 It produces dose-related decreases in PVR, but has also 
effects on systemic blood pressure14 Endothelial cells can be stimulated to form 
prostacyclin by histamine, bradykinin, angiotensin II, catecholamines, platelet activa-
ting factor, leukotnenes and ATP19 
Nitnc oxide 
Nitric oxide, or EDRF, is a potent smooth muscle relaxant produced in the endothelial 
cell24 on stimulation by various vasoactive substances and shear stress (see paragraph 
2 1 2)' Nitric oxide activates cytosolic guanylate cyclase in the smooth muscle cell and 
platelets to form cyclic GMP The elevated level of cyclic GMP causes inhibition of 
calcium release from the sarcoplasmic reticulum and inhibition of calcium entry through 
receptor-operator channels leading to smooth muscle relaxation and platelet disaggregati-
on The effects of nitric oxide can be enhanced by the use of phosphodiesterase inhibi-
tors25 Nitric oxide also causes relaxation of the smooth muscle cell through hyperpola-
nzation Whether nitnc oxide and the so-called endothehum-denved hyperpolarizing 
factor (EDHF) are distinct substances is unclear' In the lung nitric oxide is being 
released continuously26 and plays a role in the determination of PVR1 The response to 
nitric oxide is dependent on basal vascular tone Acetylcholine infusion, which causes 
nitric oxide release, during right heart catheterization lowers elevated PVR, but has little 
effect in patients with normal PVR27 Likewise, inhaled nitric oxide lowers PVR in 
severe pulmonary hypertensive patients, but not in those with normal PVR'8 Because 
nitric oxide is rapidly inactivated by binding to hemoglobin, its vasorelaxant effects are 
restricted to the abluminal side of the endothelium29 Inhaled nitnc oxide, therefore, 
doesnot lower systemic vascular resistance (SVR)30 Hypoxia may limit the effect of 
basal nitnc oxide by inhibiting soluble guanylate cyclase1, so that hypoxic vasoconstricti-
on occurs Conduit PA's from patients with secondary pulmonary hypertension due to 
cystic fibrosis31, chronic obstructive lung disease32 and Eisenmenger's syndrome33 
show impaired endothehum-dependent relaxation normally responding to nitroprussid 
suggesting an impaired release of nitric oxide In chronic hypoxia the degree of intimai 
thickening correlated with the impaired release of nitnc oxide32 
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Endothelium-dependent contracting factors 
Vascular contraction can be facilitated by several endothehum-derived contraction 
factors and can be stimulated by naturally occurring substances (e g acetylcholine, 
arachidonic acid, norepinephrine and thrombin), pharmacological substances (e g 
calcium îonophores, nicotine and high potassium), physical forces (stretch and pressure), 
and hypoxia34 Thromboxane A-, and free radicals (superoxide anion) are formed in the 
endothelial cell Endothelin-1 and angiotensin II can also be regarded as endothelium 
derived contracting factors 
In hypoxic conditions, vasoconstriction is probably the result of inhibition of nitric oxide 
synthesis or its action Pressure can also suppress the release of nitric oxide35 leading 
to loss of vasodilation Endothelin-1 has vasoconstncting activity22, but can also cause 
pulmonary vasodilation in animals36 37 In patients with chronic congestive heart 
failure the level of plasma endothelin-1 correlates with the extent of pulmonary 
hypertension38 In primary pulmonary hypertension39 and m pulmonary hypertension 
associated with congenital heart disease40 the high levels of endothelin m arterial 
plasma compared to the venous plasma suggest pulmonary production of endothehn-1 
leading to pulmonary vasoconstriction Otherwise, high levels of endothehn36 37 can, by 
its vasodilating properties, mediate a relieve of hypertension and modulate pulmonary 
vascular tone40 Endothehn also induces smooth muscle cell proliferation41 Ultrastruc-
tural endothelial cell alterations42 43 and the increased musculanzation of the PA may 
be related to the increased production of endothehn-140 
It can be concluded that many vasoactive substances and mechanical factors play a role 
in pulmonary vasomotion The sum of all individual effects ultimately lead to a net 
effect 
2.1.4 Hemodynamic and respiratory effects on the pulmonary circulation 
Hemodynamic effects 
The pulmonary circulation exhibits an enormous capacity for adaptation to general and 
local changes in bloodflow During excercise, pulmonary bloodflow may increase 
fourfold without a rise of mean PA pressure44 In left-to-nght shunts at the atrial level 
pulmonary bloodflow can also be increased manyfold without an increase in PA 
pressure In post-tricuspid communications the systemic blood pressure wave generated 
by the left ventricle (LV) is more or less transmitted to the pulmonary circulation 
Changes in both LV and RV function can influence pulmonary hypertension The 
magnitude of pulmonary hypertension depends, in part, on the performance of the RV 
Systolic pressures up to 80-100 mm Hg can be generated only by a hypertrophied and 
normally perfused RV If RV failure develops, significant pulmonary hypertension may 
disappear despite high PVR45 
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Respiratory effects 
The normal physiologic effects of respiration influence PA pressure and PVR. As a 
consequence of the greater venous return and decreased RV afterload secondary to the 
negative intrathoracic pressure during spontaneous inspiration, both early and late RV 
filling are augmented46. RV volumes and stroke volume increase with inspiration47. 
With mechanical ventilation opposite changes occur resulting from the positive pressure 
ventilation. During inflation RV systolic pressure and volume increase with a marked 
decrease in stroke volume and RV ejection fraction. Diastolic RV pressure remains 
unchanged48. Lung inflation produces an enlargement of the intrapulmonary extra-
alveolar vessels by radial traction and is expected to reduce RV output impedance. 
However, intra-alveolar vessels become compressed by lung inflation leading to an 
increase of capillary resistance. Large tidal volumes as delivered by mechanical 
ventilation or small tidal volumes imposed on already elevated end-expiratory lung 
volume (by positive end-expiratory pressure) would increase PVR48. In contrast to 
spontaneous respiration, any increase in lung volume above the functional residual 
capacity by mechanical ventilation elevates pulmonary vascular impedance49. 
2.1.5 Physical properties of the pulmonary vascular tree 
The normal pulmonary artery pressure wave-form, pulse-wave velocity and impedance 
The pressure wave generated in the main PA is more rounded than the aortic pressure 
wave. The PA and aortic flow wave are equal meaning that compliance of the PA is 
higher than of the aorta. To the peripheral PA's the pressure wave tends to increase in 
amplitude, while it is attenuated but remains pulsatile in the capillaries. Even in the 
pulmonary veins pulsations remain present50. 
The velocity at which the pressure wave travels through the pulmonary vascular bed, the 
pulse-wave velocity, is 250 cm/s at normal distending pressures. Pulse wave velocity is 
markedly lower in infants and children compared to adults. In pulmonary hypertension 
the pulse-wave velocity is elevated51 partially due to a direct effect on the large arteries 
or by greater stretch of the vessels with transfer of tension from elastic to collagenous 
components of the arterial wall. 
Using harmonic analysis (Fourrier 1768-1830) of pressure and flow waves pulmonary 
vascular impedance can be studied. In the concept of impedance the total forces 
opposing the bloodflow encomprise the vascular resistance component, the vascular 
elasticity component and the blood volume related inertia component. The pressure-flow 
relation can be expressed as: 
pressure gradient=(resistance*flow)+(—• )+(inertia*acceleration) 
compliance 
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The impedance modulus and the phase are expressed as a function of frequency (figure 
2 1 1) 
Figure 2.1.1 The impedance modulus and phase are expressed as a function of 
frequency 
The vascular input impedance, which is the ratio of pressure and flow at a particular 
arterial site, characterizes the properties of the vascular bed downstream and is indepen-
dent of cardiac properties except heart rate Therefore, the main PA impedance is the 
appropriate expression of RV hydraulic load52 
The features of PA impedance are ideally suited for RV ejection50 The lowest values of 
the impedance modulus correspond to the highest values of the ventricular ejection 
meaning that the impedance is lowest at frequencies at which pulsatile components of 
the ventricular ejection wave are highest53 Disease can influence this desirable match 
between ventricular ejection and vascular impedance to a more disadvantageous level 
In pulmonary hypertension the impedance curve shifts to the right with an increase in 
the frequency at which the modulus reaches its minimum and phase crosses zero There 
is an increase in the resistive component of the modulus and characteristic impedance51 
More proximal wave reflection and a more rapid pulse wave velocity explain this 
phenomenon, the latter being the dominant mechanism in pulmonary hypertension54 
Major determinants of pulmonary vascular impedance patterns appear to be body size 
and age, and the level of PA pressure Impedance patterns were not of value in 
predicting the presence of secondary structural lung disease in infants and children with 
pulmonary hypertension due to left to-right shunts55 56 
For clinical purposes only the resistive component of the pulmonary impedance is 
normally used by applying Poiseuille's law assuming steady laminar flow in a rigid tube 
However, it has recently been emphasized that PVR may be insufficient for a complete 
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evaluation of pulmonary hemodynamics, since the extrapolation of the linear part of the 
pulmonary pressure-flow relationship intersects the pressure axis above the level of the 
left atrial pressure57 A critical closing pressure level has to be exceeded before flow 
occurs Therefore, an improved way to assess the functional state of the pulmonary 
circulation is to describe the pulmonary pressure-flow relationship allowing to discrinu 
nate active from passive changes of PA pressure57 5S 
Longitudinal distribution of pulmonary vascular resistance 
The longitudinal distribution of PVR can be investigated in animals using the micro-
puncture technique59 Few studies have investigated the distribution of PVR in humans 
In the dog approximately 46% of total resistance was in the capillaries with 37% being 
in the arterial segment and 17% present in the venous segment59 However divergent 
values were reported60 The fraction of the total PVR attributable to large and medium 
pulmonary veins was 14% in normal human lungs as obtained by proximal and distal 
wedge pressure measurement60 In patients with the adult respiratory distress syndrom 
and chronic congestive heart failure it was approximately 27 %60 In addition to vasomo-
tion, various physical factors influence the distribution of PVR due to the high compli-
ance of the vascular bed An increase in alveolar surface tension at constant airway 
pressures results with a reduction in lung volume in a decreased arterial resistance, an 
increased venous resistance and unchanged capillary resistance61 The lung is often 
divided in 3 zones to explain effects of hydrostatic pressure differences in the lungs on 
regional pulmonary bloodflow67 In zone 1, the pulmonary capillary pressure is, in a 
standing person, lower than the alveolar pressure Zone 1 is an area of no flow In zone 
2 the systolic PA pressure exceeds alveolar pressure, so there is intermittent bloodflow 
In zone 3 PA pressures are always higher than alveolar pressure and bloodflow is 
continuous In zone 2 of the lungs, increasing airway pressure leads to an increase in 
total vascular resistance and resistance in microvessels and veins, while arterial 
resistance tends to decrease Under zone 3 conditions the effect of increased airway 
pressure is to alter longitudinal distribution of segmental vascular resistance, but not 
total resistance Arterial and venous resistance decreases, while microvascular resistance 
increases Pulsatile perfusion results in a lower total vascular impedance in comparison 
to steady flow by a decrease in arterial and venous resistance This effect is not due to 
active vasodilation but rather due to mechanical effects of pulsatile distension on the 
viscoelastic arteries and veins61 Interstitial and alveolar edema does not affect PVR until 
alveolar flooding occurs resulting in an increase in resistance in arteries and microves-
sels63 M Rheological factors also affect PA pressures and PVR A higher hematocrit 
results in a higher total pulmonary vascular resistance mainly because of an increased 
resistance in arterial and small veins Microvascular resistance remains unchanged due 
to a reduction in microvascular hematocrit (Fâhraeus effect)61 Plasma viscosity affects 
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resistance in all three longitudinal vascular resistance segments. 
Pulmonary arterial distensibilty and compliance 
Compliance of a vessel is defined as change in volume per unit change in pressure and 
is a measure of the stiffness or distensibility of the vascular wall. Characteristic 
impedance, commonly computed by averaging impedance moduli over the high 
frequency range of interest, is inversely proportional to compliance50. Using magnetic 
resonance imaging main PA distensibility in normal subjects ranged from 17% to 
30%65. The +_ 8% change in average radius during the cardiac cycle66 and the 10% 
increase in diameter in systole67, strictly speaking measures of extensibilty, correspond 
with a volume difference of 26% and 16% respectively. Distensibility is significantly 
decreased in pulmonary hypertension65 suggesting that compliance would be even more 
decreased. The curvilinear relationship between PA compliance and PA pressure68 
suggests that at a PA pressure level of 40 mmHg the PA is stiff and indistensible, and 
that further increase does not alter compliance significantly. Recruitment of pulmonary 
vessels plays therefore a major role in increasing pulmonary blood volume when 
intravascular pressures are raised69. Decreased distensibility is associated with high 
pulse-wave velocity70. Both loss of compliance and rapid pulse-wave reflections are 
possible causes for the early peaking of the PA flow (see paragraph 2.3.4.3) and the 
irregular flow in the PA65 as found in pulmonary hypertension. 
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2.2 PULMONARY HYPERTENSION 
Pulmonary hypertension is present in a great variety of syndromes and disorders 
Congenital cardiac defects are frequently attended by pulmonary hypertension In the 
clinical practice of pediatric cardiology echocardiography studies of infants suffering 
from the syndrome of persistent pulmonary hypertension of the newborn are frequently 
performed Unexplained or primary pulmonary hypertension is a rather unique disease in 
which pulmonary hypertension and pulmonary vascular abnormalities are present without 
an apparent cause In the following part the clinical and pathological features of the 
syndrome of persistent pulmonary hypertension, congenital heart disease with pulmonary 
hypertension and primary pulmonary hypertension are, briefly, described 
2.2.1 Persistent pulmonary hypertension of the newborn 
The clinical syndrome of persisting pulmonary hypertension in newborn infants (PPHN) 
is a common pathophysiologic response to a wide variety of disorders and accounts for 
approximately 1% to 9% of all admissions to pediatric intensive care units1 Incidence 
varies from 1 out of 250 - 1500 newborns2 By definition PPHN is present when right-
to-left ductal shunting or right-to-left atrial shunting or both persist postnatally The 
pathophysiologic feature common to all newborns with PPHN is the failure of PVR to 
fall normally with the initiation of ventilation and oxygenation at birth The mechanisms 
preventing this normal fall of PVR in newborns with PPHN are, however, not well 
understood (see paragraph 2 1 2) PPHN may result from either underdevelopment of the 
lung or maladaptation or maldevelopment of the pulmonary vascular bed3 In underde­
velopment of the lung, ι e in congenital diaphragmatic hemia, a reduced number of 
arteries in accordance with the reduced number of airways is present on light microsco­
py Failure of vasodilatation of the smaller muscular PA's normally occurring after birth 
is the cause of persistence of high PVR in maladaptation The third cause, maldevelop­
ment of the pulmonary vasculature, is associated with an extension of muscle into 
normally nonmuscular arteries prior to birth4 s 
PPHN usually occurs in full-term or post-date neonates, who are appropriate for 
gestational age6 A history of meconium-staining or birth asphyxia is usually present 
Many disorders associated with PPHN have been identified Idiopathic PPHN accounts 
for only 1 out of 5 cases7 Prognosis depends on the underlying cause and is probably 
better in idiopathic PPHN Morbidity consists of chronic lung disease (barotrauma), 
cerebral infarction and hemorrhage, psychomotor retardation and sensineural hearing 
loss7 Despite current therapies, mortality rates are still high ranging, from 20 to 60%2 β 
Various clinical signs and symptoms are present'7 The infant is cyanotic and shows 
signs of respiratory distress On cardiac auscultation the second heart sound is single and 
loud A tricuspid regurgitation (TR) murmur may be present In infants with myocardial 
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dysfunction congestive heart failure may be present The ECG ranges from normal for 
the age to that diagnostic for right-sided overload Echocardiography is especially useful 
in the differentiation between PPHN and cyanotic congenital heart disease Using 
contrast or Doppler echocardiography the right-to-left atrial and/or ductal bloodflow can 
be shown Blood gas analysis shows hypoxia and acidosis Additional diagnostic tests 
commonly used in the diagnosis of PPHN are the hyperoxia test, the hyperoxia-hyper-
ventilation test, and simultaneous preductal and postductal oxygen measurements Cardiac 
catheterization should be cautiously used and only in infants not responding to therapy 
and which diagnosis is unclear Therapy consists of 'minimal handling', correcting 
hypothermia, hypoxia and acidosis by supplemental oxygen and, if necessary, hyperoxic 
hypocarbic mechanical ventilation' Inhalation of nitric oxide has successfully been used 
in PPHN9 Vasodilator drugs such as tolazolme and many others may be used' Extra­
corporeal membrane oxygenation therapy and surfactant replacement have been shown to 
be effective 10 
2.2.2 Primary pulmonary hypertension 
Primary pulmonary hypertension or idiopathic pulmonary hypertension is a distinct 
disease entity, in which pulmonary hypertension is present with no apparent reason" 
Women are more commonly affected than men, the ratio being 17 l p Familial 
disease is present in about 5 to 10 % of cases Genetic transmission appears to be autoso­
mal dominant with a highly variable expression Onset of symptoms precedes diagnosis 
approximately 2 years, while survival after diagnosis is 2 8 years (95% confidence 
interval, 1 9 to 3 7 years)'3 Five-year survival is poor, only 34% (24 to 44%) Factors 
associated with poor survival are New York Heart Association functional class III-IV, 
presence of Raynaud phenomenon, elevated mean right atrial pressure, elevated mean PA 
pressure, decreased cardiac index and decreased diffusion capacity for carbonmonoxide 
Multivariate analysis showed that PA pressure, right atrial pressure and cardiac index 
were independent prognostic factors'3 Survival is correlated with echocardiographic 
variables (ι e presence of pericardial effusion, mitral valve E/A-ratio < 1 and tricuspid 
early flow deceleration < 330 cm7s) so that noninvasive methods alone may be used to 
evaluate prognosis14 Mean age of diagnosis is 36 years with a wide range (1 to 80 ye­
ars) Shortness of breath (60%), fatigue (19%) and (near) syncope (13%) are the main 
symptoms'" Physical examination reveals a loud pulmonary component of the second 
heart sound a RV heave, a systolic murmur (TR), edema and peripheral cyanosis On 
chest X-ray cardiomegaly and enlarged main and hilar PA's are present The ECG is 
consistent with changes due to RV hypertrophy Normal cardiac anatomy, but with signs 
of elevated right-sided pressure (see paragraph 2 3 4) are present on echocardiographic 
examination Pulmonary function studies show mild restriction with reduced carbon 
monoxide diffusion capacity and hypoxemia with hypercapnia Exercise capacity is redu-
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eed15 An association of primary pulmonary hypertension with portal hypertension16, 
connective tissue diseases17 (systemic lupus erythematosus, CREST-syndrome and 
mixed connective tissue disease) and living at high altitude18 has been reported RV 
failure and sudden death are the most frequent causes of mortality1' 
On microscopic examination three forms of pathological features exist19 2 0 21 The 
most frequently encountered form is plexogenic artenopathy (1) in which concentric 
fibroelastosis of small arteries, plexiform lesions and small vascular dilatations exist 
Some patients have eccentric intimai fibrosis (2), which have been thought to be related 
to small vessel thrombosis with recanalization Veno-occlusive disease (3) is the rarest 
form, occurring in only + 5% of cases Structural changes in both small and large veins 
consist of loose fibrous intimai hyperplasia eventually leading to occlusion Secondary 
changes in the arteries consisting of mild medial hypertrophy and intimai hyperplasia are 
present 
In the pathogenesis of primary pulmonary hypertension endothelial cell abnormalities 
play an important role, which lead to pulmonary vasoconstriction, platelet aggregation 
and intimai proliferation with smooth muscle cell hypertrophy and intravascular thrombo­
sis Treatment of unexplained pulmonary hypertension is symptomatic Patients receiving 
oral anticoagulant therapy have a better survival rate than patients who do not21 In only 
30% of patients vasodilatator drugs are effective and tend to cause a longer survival 
time High doses of calcium channel blockers seem to be most efficient22 Treatment 
with continuous intravenous prostacyclin seems to be effective in lowering PA pressure 
and PVR23 Overall, however the results of medical therapy have generally been 
discouraging 
2.2.3 Congenital heart disease 
The presence of pulmonary hypertension with or without elevation of PVR in congenital 
heart disease is a major determinant of clinical outcome Pulmonary hypertension is the 
result of either elevated pulmonary bloodflow, increased PVR or elevated pulmonary 
venous pressure Additional determinants of pulmonary hypertension are hypoxia, 
acidosis and hyperviscosity due to elevation of hematocrit 
Elevated pulmonary bloodflow is a consequence of a left-to-right shunt either at the "pre-
tncuspid valve or low pressure" level, ι e atrial septal defect (ASD), or at the "post-
tncuspid valve or high (systemic) pressure" level, ι e ventricular septal defect (VSD) or 
shunts at level of the great arteries Different congenital heart defects reveal a considera­
ble variety in the frequency and severity of pulmonary hypertension with defects at the 
"post-tncuspid valve" level more frequently leading to severe pulmonary vascular 
disease Shunting at the aorto-pulmonary level is accompanied by pulmonary vascular 
disease in 53% Interventricular communications lead in 52% of cases to pulmonary 
vascular disease, while only 9% of cases with interatrial communications have pulmonary 
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vascular disease" Primary goal of surgical therapy is the anatomical correction of the 
defect and the prevention of irreversible pulmonary vascular changes Nowadays, surgical 
interventions are possible in the first months of life with low mortality rate 
Pulmonary hypertensive crises 
Pulmonary hypertensive crises are a manifestation of the reactivity of the pulmonary 
circulation to stimuli in patients with heart defects with elevated pulmonary bloodflow, 
having, for example, a VSD with increased PVR and in newborns undergoing complex 
cardiovascular surgery25 26 27 Especially in the early postoperative period and less 
frequently in the preoperative period28, episodes of extreme pulmonary vasoconstriction 
occur, which result in circulatory collaps if remained untreated Major and minor crises 
are distinguished27 In a major crisis PA systolic pressure rises to equal or exceed 
systemic levels followed by a rapid fall in systemic arterial pressure Minor crises are 
defined as an acute rise in PA pressure to more than 80% of systemic levels but without 
a fall in systemic pressure Multiple crises often cluster following an initial event27 
Stimuli evoking such reactions are hypoxia, acidosis, hypercapnia, micro-atelectasis, 
hyperinflation, cold, polycythemia, weaning from extracorporeal circulation and mechani-
cal ventilator, hypoglycaemia, hypocalcemia and stress (for example by pain or 
endotracheal suctioning)25 26 27 Sometimes a crisis occurs without evident stimulus 
These crises are thought to result from interaction of vascular endothelium with platelets 
and leucocytes, which after hypothermia and after cardiopulmonary bypass more easily 
degranulate and release potent vasoconstrictor substances such as thromboxanes and 
leukotnenes3 The basal production of nitric oxide, a pulmonary vascular vasodilator, is 
supressed by hypoxia29 A direct effect of hypoxia on vascular smooth muscle cells by 
closure of membrane potassium channels leads to contraction10 Sensitivity to catecho-
lamines released during stress is high A higher concentration of neuroepithelial bodies 
containing bombesin and serotonin, both vasoconstrictors, have been observed in the 
airways of patients at risk for pulmonary hypertensive crises3 Swings in airway pressure 
at weaning from mechanical ventilation might lead to degranulation of the neuroepitheli-
al cells and release of vasoconstrictors 
Management consists of early recognition by continuous monitoring of PA pressure, 
prolonged anaesthesia with fentanyl27, hyperoxic hypocarbic mechanical ventilation with 
slow cautious weaning, 'minimal handling' and vasodilator drugs Nitroglycerin31, 
nifedipine32, nitroprussid combined with prostaglandin I2, tolazolin24 and phenoxybenza-
min27 have been used A drawback of using these vasodilator drugs is the effect on the 
systemic circulation lowering systemic vascular resistance and blood pressure Ventilation 
with nitric oxide, giving endothelial independent vasodilation, showed to be effective and 
had no effects on the systemic circulation33 Management, however, muSt be individual-
ized on the basis of monitored responses of the pulmonary circulation27 
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Pulmonary vascular disease in congenital heart disease 
Changes in the structure of the pulmonary vasculature form the basis of elevated PVR. 
In 1958 Heath and Edwards3" published a description of six grades of structural changes 
in the PA's with special reference to congenital cardiac septal defects. The changes 
predominantly occur in the pulmonary arterioles and the muscular PA's. In grade 1 there 
is distal extension of muscle into arterioles normally having no muscle and thickening of 
the media of muscular PA's. Grade 2 is the stage of medial hypertrophy with cellular 
intimai reaction. Cellular intimai (endothelial) proliferation occurs in the smaller 
muscular PA's (< 300 μΜ diameter) and arterioles, which may be so marked as to 
occlude the vessels. Progressive intimai fibrosis changing to a less cellular fibrous tissue 
and with extension into the medium-sized arteries (300-500 μΜ) is the hallmark of 
grade 3. Generalized dilatation occurs in late grade 3. In grade 4 generalized dilatation 
is progressive and the plexiform type of dilatation lesion appears. Grade 5 is the stage in 
which chronic dilatation and formation of numerous dilation lesions (plexiform, vein­
like, angiomatoid and cavernous lesions) occur. Pulmonary hemosiderosis is seen. Few 
patients with hypertensive pulmonary vascular disease ever show grade 6: necrotizing 
arteritis, in which acute fibrinoid necrosis occurs. Although this gradation suggests a 
chronological appearance of grades, others suggested grade 6 preceding grade 4 and 53\ 
Partial fibrinoid necrosis is necessary to produce dilatation lesions35. A refinement of 
Heath-Edwards grade 1 pulmonary vascular disease has been proposed36. Grade A 
marks the extension of muscle into smaller and more peripheral arteries than normal may 
be found alone. Differentiation of pericytes and intermediate cells into smooth muscle 
cells by various factors form the basis of this extension37. In grade В the medial muscu­
lar coat of small intra-acinar arteries is thicker than normal due to hypertrophy and 
hyperplasia of smooth muscle cells and due to an increase in intercellular connective 
tissue proteins37. In addition to the Heath-Edwards gradation34, grade С is defined when a 
reduction in the number of small arteries is reduced by failure of new vessels to grow 
normally and by loss of arteries17. Grade С may be found in Heath-Edwards grade 1, is 
common with grade 2 and is always present in grade 3, in which arterial concentration is 
half of normal or less. 
The development of pulmonary vascular disease varies in different types of congential 
heart disease38 39. The mechanism of development of pulmonary vascular changes is 
not entirely clear Much experimental research is undertaken to elucidate these mecha­
nisms. A description of this research is out of the scope of this thesis and can be found 
elsewere3 4 0 4 1. 
It is generally thought that a high level of resistance in the presence of a VSD is caused 
by pulmonary vascular disease, in which obliterative changes in small pulmonary arteries 
gradually reduce the cross-sectional area of the pulmonary vascular bed34. During the 
first year of life such obliterative changes rarely occur42. By using quantitative morpho-
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metric methods a reduced arterial size and number within the acinus, similar to those 
seen in normal infants at birth, are present36 41. The presence of pulmonary hypertension 
thus interferes with growth and development of the pulmonary circulation. In respect to 
operability, the absence of obliterative pulmonary vascular disease in a lung biopsy 
specimen is not a reassuring sign unless it can also be shown quantitatively that the 
pulmonary circulation has developed normally41 
Relation of anatomical changes with hemodynamics and outcome 
A relation between hemodynamic status and microscopic alterations in the pulmonary 
vasculature exists36. Grade A pulmonary vascular disease is associated with increased 
pulmonary bloodflow without evidence of increased PA pressure. A more than twice 
normal medial muscular thickness of small intra-acinar arteries (severe grade B) is 
invariably associated with pulmonary hypertension. Moderate to severe elevation of PVR 
is present in patients with grade С or severe grade В disease. 
An inverse relation between intra-acinar PA muscularity with PA pressure, PVR and age 
has been found44. This reflects the increased severity of obstructive intimai damage in 
pre-acinar PA's with age44 45. The severity of intimai abnormalities increase with an 
increase in PA pressure and PVR45. Also an association between obstructive intimai 
fibrosis in pre-acinar and terminal bronchiolar arteries, the absence of severe medial 
hypertrophy in intra-acinar arteries and a high PVR has been reported45. No relation is 
present between the change in vascular resistance by 100% oxygen inhalation and 
pulmonary vascular structure45. Patients operated for a VSD in the first 8 months of life 
tend to have a normal PA pressure 1 year after repair regardless of the severity of 
preoperative vascular changes. Normal pulmonary hemodynamics will be present in those 
with grade В pulmonary vascular disease irrespective of age at repair. In grade С and 
Heath-Edwards grade 2 or 3 disease PVR can be elevated in those operated between 8 
months and 2 years of life. Later surgical closure of the interventricular communication 
will inevitably lead to persistent elevated PVR3. 
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The noninvasive diagnosis of pulmonary hypertension 
2.3 THE NONINVASIVE DIAGNOSIS OF PULMONARY HYPERTENSION 
2.3.1. Signs and symptoms 
The symptoms of pulmonary hypertension are non-specific and rarely give any clue as to 
its presence or severity' In pulmonary hypertension accompanying congenital heart 
disease signs and symptoms depend mainly on the underlying cardiac abnormality and 
the presence of pulmonary vascular disease Congestive heart failure in infants with a 
large 'post-tricuspid' defect (1 e VSD, truncus arteriosus, persistent ductus arteriosus) 
will become apparent when pulmonary bloodflow increases as a result of the decreasing 
PVR from shortly after birth until about the 3rd month Features of congestion due to 
hyperdynamic heart failure in infants are poor feeding and failure to thrive, tachypnea 
with subcostal retractions, cardiomegaly and hepatomegaly When PVR eventually 
becomes elevated and a significant right-to-left shunt develops, cyanosis will appear and 
signs of congestion disappear Polycythemia and clubbing might be present Auscultatory 
features of pulmonary hypertension include a pulmonary ejection sound, accentuation of 
the pulmonary component of the second heart sound and the murmurs of TR and 
pulmonary regurgitation (PR) Analysis of the second heart sound in patients with ASD 
did not reliably distinguish those with and without pulmonary hypertension2 Physical 
examination can thus give clues to the presence of pulmonary hypertension Specificity 
and sensitivity for the presence of pulmonary hypertension are, however, largely 
undocumented' 
2.3.2. Electrocardiography 
RV hypertrophy results from increased RV afterload in pulmonary hypertension In the 
evaluation of uncomplicated VSD, the presence of electrocardiographic RV hypertrophy 
has been most valuable3 For RV hypertrophy to become manifest, the RV mass must 
become sufficiently large to overcome LV electrical forces For this reason specificity of 
the RV hypertrophy pattern is great4 On the contrary, the sensitivity is relatively low 
varying from 25-40%s 6 Pulmonary hypertension can be underestimated because of 
accompanying LV hypertrophy due to LV volume overload' The presence of signs of 
RV hypertrophy, as they are highly specific, can be considered good evidence for 
pulmonary hypertension 
2.3.3. X-ray studies 
The PA's become enlarged and RV dilatation ultimately occurs in pulmonary hypertensi-
on Angiographic and conventional X-ray studies state a positive correlation between the 
size of the main PA and the mean PA pressure7 8 9 '° Controversy, however, exists 
about the consistency of this phenomenon Only the presence of pulmonary hypertension 
can be derived from main PA enlargement" '2 '3 In idiopathic dilatation of the PA 
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pulmonary hypertension is absent despite PA enlargement Computed tomography and 
magnetic resonance imaging may be of value in screening for the presence of pulmonary 
hypertension 
In advanced pulmonary vascular disease pulmonary wedge angiography reveals sparsity 
of arborization of the pulmonary vascular tree, abrupt termination, tortuosity and 
narrowing of small arteries, and reduced background capillary filling14 The rate of 
tapering of arteries is associated with the severity of pulmonary vascular disease13 By 
determination of the time that contrast is travelling from pulmonary valve to pulmonary 
peripheral vessels using digital cine angiography, information about PA pressure and 
PVR can be obtained16 
2.3.4. Echocardiography 
Various reports concerning the noninvasive determination of PA pressure using different 
echocardiography modalities have been published 
M-mode echocardiography 
systolic time intervals 
Using M-mode echocardiography RV systolic time intervals can be obtained by simulta­
neously recording the ECG and the pulmonary valve opening and closure motions17 
Several investigators reported a relation of the RV systolic time intervals, ι e the RV 
pre-ejection period (PEP), the RV ejection time (ET) and their ratio (PEP/ET) with PVR 
and PA pressure18 19 20 2 ' 21 
As PA pressure rises, PEP lengthens by an increase in isovolumetric contraction time23 
24 2 i
 The isovolumetric contraction time is lengthened, because the increase in the 
difference between enddiastolic RV and PA pressure is greater than the increase in the 
mean rate of isovolumetric pressure rise24, indicating that PEP is also dependent on RV 
function ET decreases in pulmonary hypertension as a consequence of a lower RV 
stroke index23, but also because of the occurrence of TR 
To overcome effects of heart rate23 on both PEP and ET, the ratio PEP/ET is frequently 
used As result of the opposite changes in PEP and ET, the ratio increases Changes in 
the RV systolic time intervals accurately reflected changes in PA pressure19 Using the 
ratio of PEP/ET with left-sided pre-ejection period to ejection time ratio (PEP/LVET), as 
determined by M-mode echocardiography, a strong correlation was found between this 
ratio and the ratio of PVR to SVR, especially when it was correlated with '°log PVR-
/SVR in patients with VSD or complete atrioventricular septal defect21 Unfortunately, 
because SVR is variable, this ratio is less useful for predicting the degree of pulmonary 
hypertension Clinicians, however, frequently use the ratio of PVR to SVR 
Several investigators, however, found the relation of RV systolic time intervals, the ratio 
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of PEP/ET and isovolumetnc contraction time not to be accurate enough in predicting 
the PA pressure or PVR m the individual patient19 20 25 According to them, the M-mode 
echocardiographic determination of the RV systolic time intervals cannot be used to 
overcome invasive evaluation of the pulmonary circulation 
The wide variability in the predicted PA pressure and PVR for a given PEP/ET-ratio by 
others20 and the variation of PEP/ET due to factors as heart rate, cardiac output, RV 
function, pharmacologic state of the patient and respiration26 preclude an accurate 
noninvasive estimation of PA pressure or PVR These factors also prevent that sequential 
comparisons of PEP/ET in a given patient may indicate progressive pulmonary hyperten-
sion 
Qualitative separation of patients with and without elevated PA (diastolic) pressure using 
the PEP/ET-ratio or the isovolumetnc contraction time seems to be possible A ratio less 
than 0 30 clearly implies a normal PA diastolic pressure, while PEP/ET > 0 35 indicates 
elevated pressure'9 
Pulmonary valve motion 
Several authors investigated the effects of PA pressure on pulmonary valve motion22 27 
28 29 10
 Normally, the pulmonary valve motion can easily be recorded using M-mode 
echocardiography in children In figure 2 3 1, the normal pulmonary valve motion has 
been shown 
PA bloodflow velocity n t ; Doppler 
Pulmonary valve motion ^^^ i f M mode 
ECG 
Figure 2.3.1 Schematic drawing of the PA bloodflow velocity curve, the pulmo-
nary valve motion and ECG. a-f: different points of pulmonary 
valve motion, psv: presystolic velocity wave. 
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After atrial contraction the RV pressure rises so that the pulmonary valve partially opens 
(a-wave or a-dip) The depth of the a-dip is influenced by the diastolic RV to PA pres­
sure difference At elevated diastolic PA pressure, this difference widens and the a-dip 
disappears Due to a rise in venous return and a decrease in PA pressure at deep 
inspiration, the RV to PA pressure difference diminishes, which causes the a-dip to 
become more prominent In pulmonary hypertension complicated by RV failure, the 
enddiastolic RV to PA pressure difference becoms smaller by the rise in RV enddiastohc 
pressure, so that the a-dip reappears The RV compliance, as an important determinant of 
RV enddiastohc pressure and atrial contractility, also determine the presence and depth 
of the pulmonary valve a-dip 
An a-dip < 2 mm indicates pulmonary hypertension272830 A 69% sensitivity and 100% 
specificity for the presence of elevated PA pressure in the presence of an a-dip < 2 mm 
was reported30 Others found no correlation of a-dip amplitude and PA pressure, but also 
reported the specificity of the absence of the a-dip in pulmonary hypertension3' The 
lack of correlation can be explained by the fact that the presence and depth of the a-dip 
not only is the consequence of the RV to PA pressure difference, but also is caused by 
changes in left atrial (LA) dimensions29 Both the PA and the posterior aortic wall are in 
close anatomic proximity of the LA anterior wall, so that changes in LA dimensions, 
which, due to the relative fixation of the posterior wall are reflected by the LA anterior 
wall, will be transmitted to the PA and the posterior aortic wall Both structures have 
been shown to have the same movement pattern In addition to LA effect, transducer 
position and angulation can influence a-dip depth22 32 
Mid-systolic notching or closure of the pulmonary valve has been reported to be highly 
specific, but insensitive for the presence of pulmonary hypertension28 30 " 3" Pulmo­
nary valve mid-systolic notching is present in idiopathic dilatation of the pulmonary 
main stem, probably due to formation of eddy currents around the valve leaflets leading 
to partial closure of the pulmonary valve by Venturi effects In pulmonary hypertension 
the presence of mid-systolic notching or semi-closure of the pulmonary valve can be 
explained by several proposed mechanisms Because of increased pulmonary vascular 
impedance and decreased comphance3\ a reversal of the systolic pressure difference 
between RV and PA occurs36 " 3a leading to reversal of flow The mid-systolic 
deceleration of pulmonary flow is the result of pulse wave reflection39 Using M-mode 
contrast echocardiography the reversal of flow can be shown40 4I The timing of the 
systolic partial closure is inversely related to PA pressure at catheterization38 The RV to 
PA gradient decreased to a minimum value in midsystole occunng later at higher PA 
pressures38 
A small or negative EF-slope and a steep ВС-slope of pulmonary valve motion was 
initially reported to be associated with elevated PA pressure27 (see figure 2 3 1) Later 
reports could not reproduce these findings22 28 2 9 1 0 
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The isovolumetnc right ventricular relaxation time 
Burstin42 desenbed a method of noninvasive peak PA pressure estimation based upon 
the measurement of the phase of isovolumic relaxation of the RV This phase starts at 
the closure of the pulmonary valve and ends with the opening of the tricuspid valve 
Using external graphic recordings (the electrocardiogram, the phonocardiogram, the 
jugular phlebogram and the RV cardiogram) a nomogram relating the isovolumic 
relaxation time with heart rate and systolic PA pressure was constructed on the assumpti-
on that the interval increases proportionally with the PA systolic pressure and is 
inversely related to heart rate Further, the rate of fall of the RV pressure during isovolu-
mic relaxation is assumed to be proportional to heart rate, but constant regardless of the 
height of the RV pressure The latter assumption, however, does not hold true Although 
the time-constant for isovolumic pressure fall is still greater at higher pressures, 
suggesting a RV relaxation abnormality, the mean rate of pressure fall is still greater at 
higher pressures43 This would significantly decrease the expected lengthening of the 
RV relaxation time Due to a decrease in the pulmonary hang-out time (the interval 
seperating the incisura of the PA pressure curve from the RV pressure trace and which is 
a measure of the capacitance of the PA tree) at higher pressures, the pulmonary valve 
closes earlier44 So the effect of the increased rate of pressure fall might be diminished 
or even canceled Factors that alter the rate of RV relaxation, right atrial (RA) pressure 
or PA hang-out time (RV systolic function, PA compliance and impedance) could affect 
the duration of the relaxation time independently of systolic pressure 
The method was modified by measuring the interval using Doppler ultrasound45 and M-
mode echocardiography46 The Burstin nomogram was adapted for use in pediatric 
patients by simple extrapolation42 Close correlations between estimated and invasively 
determined PA systolic pressure were found in either a mixed pediatric and adult 
population42 4S (correlation coefficient, r=0 89) or a pediatric population46 (r=0 86, 
standard error of the estimate [SEE]=15 4 mm Hg) with a variety of cardiac disorders In 
sedated infants an even closer correlation (r~0 96, SEE 6 4 mm Hg) was found46 As 
expected m patients with elevated RA pressure the method underestimated PA pressure 
Comparison of this method with PA diastolic pressure estimation by PEP/ET yielded a 
much better result for the isovolumic time method Due to the relatively difficult 
measurement of this time interval the method has not widely been used 
Two-dimensional echocardiography 
The probability of developing PA hypertension and the speed of its development largely 
depend on the type of cardiac abnormality Two-dimensional echocardiography can give 
information on the presence and type of abnormality Furthermore, two-dimensional 
echocardiographic guiding can make M-mode and Doppler measurements used in 
noninvasive PA pressure determination easier and more reliable 
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interventi ¡culai septal configuration 
Interventricular septal configuration and motion abnormalities have been described in 
patients with RV volume en pressure overload47 "s 49 50 ч , : ' 3 ч In RV hy­
pertension the interventricular septum shifts towards the left and becomes flattend at both 
systole and diastole54 A quantitative relationship between the alteration in septal confi­
guration and RV systolic hypertension has also been reported Using the normalized 
septal curvature, having a value between 0 (flat) and 1 (ideally circular), a negative 
correlation with the RV to LV systolic pressure ratio was found^2 In RV pressure 
overload the normalized septal curvature was reduced in both end-systole and end-
diastole, while it was only reduced in diastole in RV volume overload Others reported 
essentially the same and explained that the absolute septal position at any temporal 
sampling point will be the resultant of the forces of muscle contractions tending to pull 
the septum toward a midline position and the instantaneous pressure gradient tending to 
displace it to either the right or left54 
The instantaneous relationship between the eccentricity-index and the ratio of RV to LV 
systolic pressure has been theoretically derived and confirmed in an open chest dog 
model of RV hypertension due to recurrent pulmonary embolizations" 
Unfortunately, the wide scatter of data in the investigations mentioned prevents the use 
of septal configuration changes for accurate RV systolic pressure estimations Endsystolic 
flattening of the ventricular septum, however, proved to be a sensitive semiquantitative 
marker for RV hypertension" " 
Pulmonary ai tery dimensions 
Elevated PA pressure causes the mam PA's to dilate Angiographic and conventional 
chest X-ray studies7 s '" state a positive correlation between the size of the main PA 
and the mean PA pressure In other studies, however, it was concluded that only the 
presence and not the level of pulmonary hypertension can be derived from the enlarge­
ment of the PA" '2 ,3 56 With combined two-dimensional and M-mode echocar­
diography using the suprasternal approach, the end-diastolic right PA size, indexed for 
body surface area, and the percentage of systolic expansion were related to invasively 
determined diastolic PA pressure A fair positive (r=0 86) correlation, but with widely 
scattered data points was obtained for the size data A negative loghnear relationship 
existed between the percentage systolic expansion and PA pressure, reflecting the 
decreased compliance of the pulmonary vascular bed in pulmonary hypertension35 
Right ventriculai hypertrophy 
In chronic pulmonary hypertension, RV hypertrophy develops as a consequence of 
increased afterload Sensitivity and specificity of echocardiography RV wall thickness 
measurements for the presence of RV hypertrophy at autopsy have been reported to be 
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90% and 94% respectively57 Diastolic RV wall thickness measured by echo correlated 
well with the height of RV systolic pressure (r=0 92, SEE=13 2 mmHg) In children at 
our institute (unpublished data) we did not find such a close correlation Problems in 
measuring the RV wall thickness are due to trabeculation of the RV, which is especially 
accentuated in RV hypertrophy At echocardiography edge-detection artifacts are 
produced and accuracy of wall thickness measurement is limited 
Doppler echocardiography 
Pulmonary artery bloodflow velocity contour analysis 
In 1981 Matsuda et a l 5 8 were the first to describe changes in the Doppler-denved PA 
bloodflow velocity curve in patients having elevated PA pressure 
a Qualitative changes 
Normally the Doppler recording of the pulmonary bloodflow velocity is monophasic, 
reaching peak velocity in midsystole and having a rounded appearance (round or U-
pattem) The acceleration and deceleration part have approximately the same duration In 
pulmonary hypertension the U-pattem changes to a V- or W-pattem with zero or even 
reversed late systolic flow Peak velocity is reached earlier'8 " 6 0 6I " " 6A 6 5 
66 67 6 8 69 то 7i 72^ b u t ) S l t s e , f u n c h a n g e c ] " The RV dP/dt increases in case of 
increased afterload74 The pulmonary vascular compliance decreases not only as a result 
of greater distending pressure35 75 but also due to histological changes in the vascular 
wall65 75 These changes result in a higher acceleration and higher pulse-wave velocity75, 
the latter causing earlier deceleration by earlier arrival of reflected waves form the 
peripheral pulmonary vessels58 75 As a consequence the velocity curve becomes more 
triangular In the W-pattern bloodflow re-accelerates during the deceleration phase and 
thus becomes biphasic with a late second velocity peak The late systolic notching as 
seen with Doppler is the result of the same phenomena causing the systolic partial 
closure of the pulmonary valve as seen with M-mode echocardiography described earlier 
3 8
 In pulmonary hypertension with atrial fibrillation the flow velocity pattern can vary 
from beat to beat A long preceding RR-interval results in midsystolic notching, while a 
shorter interval does not60 
In one study, the U-pattem was present in all 15 normal subjects and in 4 of 5 patients 
without pulmonary hypertension58 All patients with pulmonary hypertension had the V-
or W-pattern In a study of 50 patients PA pressure and total pulmonary resistance were 
normal in the patients having the U-pattem61 The triangular pattern was seen in patients 
having moderate to severe elevation of both pressure and resistance An intermediate 
type of pulmonary bloodflow velocity curve was seen in only mildly elevated PA 
pressure and resistance 
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When measuring PA bloodflow velocity a presystolic flow velocity wave into the the 
main PA can be seen (figure 2 3 l)6 2 This presystolic velocity wave is due to the same 
phenomenon as the a-dip seen in pulmonary valve motion with M-mode echocardio­
graphy 272B 30 A presystolic velocity wave with velocity exceeding 0 15 m/s was detected 
in 14 of 15 normal children, 4 out of 5 patients with PA systolic pressure < 30 mm Hg 
and was absent in 10 of 12 children with pulmonary hypertension In contrast, others 
found an a-wave in only 3 out of 13 patients with normal PA pressures76 The a-wave 
seems therefore to be rather insensitive in predicting the absence of pulmonary hyperten­
sion 
Table 2 3 1 and 2 3 2 summarize the sensitivity, specificity and positive predictive value 
of pulmonary bloodflow velocity patterns as described in the literature5 8 5 9 6 0 6 3 6 7 
b Quantitative changes 
Several time intervals can be measured from the PA bloodflow velocity wave The (PEP) 
is defined as the time interval between the onset of electrical activation of the ventricles 
(onset QRS-complex on ECG) and the onset of pulmonary bloodflow The acceleration 
time (AT) is the interval between onset of flow and peak systolic velocity The decelera­
tion time (DT) is the period from peak systolic velocity to termination of bloodflow The 
time interval from onset to end of pulmonary bloodflow velocity is termed the ejection 
time (ET) Mean acceleration and mean deceleration can be obtained by dividing the 
peak systolic velocity by AT and DT, respectively Maximal acceleration and maximal 
deceleration are derived by determining the maximal slope of the second order or third 
order polynomial function through the acceleration and deceleration part of the pulmona­
ry blood flow velocity wave (see chapter 3 3 4) 
Numerous investigations in children62 64 68 70 72 7' and adults58 6I " б6 67 69 with cardiac 
disease, primary pulmonary hypertension77, chronic obstructive pulmonary disease78, 
cystic fibrosis71, pneumonia80, hyaline membrane disease81, pregnancy82 83, high al­
titude pulmonary edema84 have been performed relating changes in these Doppler-
derived time intervals and pulmonary hemodynamics Deceleration phase parameters 
were studied in a few studies only85 In table 2 3 3 the results of studies performed in 
patients having cardiac disease are summarized High correlations are found between 
time intervals and invasively determined PA pressure, total pulmonary resistance and 
PVR in both pediatric and adult populations Log-transformation of data resulted in 
closer correlations in some studies Regression equations are reported to obtain a 
noninvasive estimate of pulmonary hemodynamics However, high correlations can exist 
despite large differences between noninvasively estimated and invasively obtained PA 
pressures86 The standard error of the estimate is a measure of the variance in the 
differences between the noninvasive and invasive determinations and gives information 
on the agreement between both methods In many studies the standard error of the 
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estimate is not reported, so large differences between Doppler derived and catheterization 
derived pulmonary hemodynamics might exist despite close correlations. Those papers 
reporting the standard error of the estimate show a reasonable overall agreement, but 
large individual discrepancies can be present. PA pressure and PVR estimation based on 
AT or acceleration time derived parameters show the best agreement. 
Table 2.3.1 Summary of sensitivity, specificity and positive predictive value of 
the triangular (V) pulmonary bloodflow velocity pattern for pre-
sence of pulmonary hypertension. 
Author Num Pattern Sens Spec Pred Comment 
Matsuda5" 27 V + W 
Koizumi5'' 23 V + W 
Kitabatake'"' 33 V + W 
Martin-Duran''1 51 V + W 
Dabestam" 59 V + W 
0 88 
0 67 
1 00 
1 00 
0 78 
0 95 
1 00 
1 00 
0 85 
1 00 
0 88 
1 00 
1 00 
091 
1 00 
PAPS > 30 
PAPS > 35' 
PAPM > 20 
PAPM > 20 
PAPM > 20 
All 193 v + w 0.89 0.96 0.95 
num number of patients, PAPD diastolic PA pressure, PAPM mean PA pressure, PAPS systolic PA pressure, 
pred positive predictive value, " pulmonary hypertension defined as PAPS > 35, PAPM > 20 and PAPD > 10 
mm Hg Sens sensitivity. Spec specificity See for details about study populations table 2 3 3 
Table 2.3.2 Summary of sensitivity, specificity and positive predictive value of 
the notched (W) pulmonary bloodflow velocity pattern for presence 
of pulmonary hypertension. 
Author 
Kitabatake™ 
Martin-Duran63 
Dabestani" 
Num 
33 
51 
59 
Pattern 
W 
W 
w 
Sens 
0 56 
081 
0 57 
Spec 
1 00 
0 85 
100 
Pred 
1 00 
0 89 
1 00 
Comment 
PAPM > 20 
PAPM > 20 
PAPM > 20 
All 143 
See table 2 3 1 for legend 
W 0.67 0.96 0.94 
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Chapter 2.3 
The ability of noninvasive assessment of the reactivity of PA pressure and PVR by either 
100% oxygen breathing or Tolazolin infusion have been investigated in children with 
congenital heart disease87 8S 8 9 Initially positive results were obtained by Ritter et 
a l 8 7 in 6 children showing significant changes in Doppler derived acceleration slope, AT 
and ET in response to a significant decrease in PVR during 100 % oxygen breathing PA 
pressures remained unchanged In other studies88 89 there was no significant change in 
Doppler indexes except for an increase in PA peak velocity88, despite significant changes 
in PA pressure and PVR No correlation between the fall in PVR and the increase in 
Doppler indexes (AT, ET and AT to ET ratio, peak velocity) could be demonstrated89 
с Influences on the pulmonary bloodflow velocity contour other than pulmonary 
hemodynamics 
Alterations in the characteristics of RV ejection unrelated to PA pressure, PVR and 
pulmonary vascular disease may also affect the systolic time intervals The systolic time 
intervals are determined by the ventricular afterload, the preload, the contractility, heart 
rate and intracardiac conduction19, but also on technical factors such as sample volume 
position These factors will be discussed below 
• Effects of heart rate 
In clinical studies PEP and ET have been shown to be negatively correlated with heart-
rate18 19 Ώ 24 AT as derived from the Doppler PA bloodflow velocity curve is also 
correlated with heart rate64 70, but not in all studies66 AT becomes shorter not only as a 
result of PA pressure elevation, but also by heart rate In acute pulmonary hypertension 
in pigs, the influence of (atrial paced) heart rate on AT is only present at mean PA 
pressures not exceeding 25 mm Hg90 Once a mean PA pressure > 25 mm Hg was 
achieved no additional shortening of the AT was seen regardless how rapid heart rate 
and how high PA pressure To overcome the effects of heart rate, time intervals need to 
be corrected for heart rate either by dividing by the square root of the RR-interval, the 
RR-interval or by another time-interval which has a similar relation to heart rate The 
PEP to ET ratio is independent of heart-rate6470 The ratio of AT to ET still showed a 
significant correlation with heart rate64 70 The use of the ratio of observed AT to the 
predicted AT determined by using a regression equation for AT versus heart rate was, 
therefore, proposed64 Others corrected the AT to ET ratio by additionally dividing it by 
the square root of the RR-interval70 
In respect to noninvasive PA pressure estimation correction of time intervals for heart 
rate improved agreement, especially in the pediatric population where the heart frequency 
range is wide64 70 72, but in other studies correlation could not be improved by the use of 
corrected time intervals 62 68 
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• Effect of sample volume position 
Studies concerning PA pressure estimation using pulsed wave Doppler derived RV 
systolic time intervals have been performed by either placing the sample volume in the 
RV outflow tract6063 б6 7 1 7 6 or in the main PA62 M 6 5 " 6S 69 7 0 7 1 7 ' As recognized the flow 
velocity pattern may be altered when obtained from different sample-volume locations58 
™ Peak flow velocity and AT vary with different echocardiography views, transducer, 
beam angulation and sampling site91 A gradual decrease of AT and the AT to ET ratio 
occurred when sample site changed from the RV outflow tract to the pulmonary valve 
level, to the center of the main PA and to the medial vessel wall92 Similar changes in 
AT proximal and distal of the pulmonary valve occur" As a consequence the ratios of 
AT to ET and PEP to AT changed significantly The curvature of the RV outflow tract 
is minimal just proximal to the pulmonary valve, while the PA curves posteriorly to its 
bifurcation, which might cause the velocity waveform variability71 The spatial bloodflow 
velocity profile in the main PA is not exactly flat5'' as previously was assumed35 The 
broad central flow is shifted slightly to the left (median) valve leaflet throughout systole 
and has velocity maxima near the vessel wall during peak systole and deceleration 95 
9 6 97
 In addition, cardiac motion due to contraction and respiratory movements cause 
sample volume displacement94 During cardiac contraction, the PA moves dorsoventrally 
0 25 to 0 50 times its diameter at enddiastole Enddiastolic displacement of the PA along 
its longitudinal axis of 0 I to 0 2 times its diameter occurs by respiratory movements 
Systolic Doppler angle variation ranged from -11 to +20 degrees For longitudinal PA 
pressure estimation in the evaluation of pulmonary vasoreactivity and drug therapy the 
sample volume position, echocardiographic view, the respiratory phase of measurement 
and the transducer need to be standardized to obtain comparable results Greater 
feasibility and accuracy for mean PA pressure determination is present in children due to 
less disturbed flow and easier location of the sample volume in the central portion of the 
right ventricular outflow tract" 
• Effect of right-sided valve regurgitation 
Severe TR influenced the shape of the pulmonary flow velocity curve 98, leading to a 
shortened AT due to diminshed RV afterload99 The Doppler predicted mean PA pressu­
re then overestimates the actual pressure Studies could not demonstrate a significant 
difference in accuracy between patients with mild to moderate TR and patients without 
TR60 7 6 Pulmonary regurgitation (PR) similarity may cause changes in Doppler derived 
time intervals by altering preload and stroke volume No studies concerning this topic are 
available 
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• Effects of right ventricular function and pulmonary bloodflow 
In diminished RV function AT could increase beyond that expected due to a slower rate 
of velocity increase6,165 66 As cardiac failure is often biventricular in infants, a diminished 
LV shortening fraction therefore denotes also RV failure The relation between AT and 
PA pressure was lower in patients having a decreased LV fractional shortening68 The 
PEP to ET ratio cannot be used for PA pressure estimation in children having congestive 
cardiomyopathy" By using the PEP to AT ratio for PA pressure determination, the 
influence of RV contractility on AT can be offset66 No difference in correlation between 
this ratio and systolic PA pressure was present in patients with a cardiac index < 2 5 
L/min m2 and a cardiac index of > 2 5 L/min m2 In infants with lowered LV shortening 
fraction using this ratio did not improve the correlation with PA pressure68 
AT also correlates with pulmonary bloodflow volume65 Patients having an ASD with 
elevated PA pressure and flow tended to have normal ATs65 In other investigations no 
influence of pulmonary bloodflow64 and the pulmonary to systemic bloodflow ratio70 on 
AT or AT derived indexes was demonstrated 
• Effect of pulmonary valve stenosis 
Changes in PA input impedance by RV outflow tract obstruction also caused alterations 
in the pulmonary bloodflow velocity contour64 In pulmonary valve stenosis the AT to 
corrected AT ratio was prolonged beyond that expected for PA pressure No correlation 
with transvalvular gradient was, however, present 
• Effect of complete right bundle branch block 
Prolongation of PEP and ET18 '9 reflect the alterations in the sequence and the velocity of 
RV depolarization occuring in right bundle branch block RV time intervals cannot be 
utilized in PA pressure determination False negative predictions for the presence of 
pulmonary hypertension using the PEP to AT ratio occurred6'1 
Right ventricular systolic pressure estimation using tricuspid regurgitant velocity 
RV systolic pressure can be estimated by applying the modified Bernoulli equation'00 
on the TR velocity101 The RV to RA pressure drop (mm Hg) can be calculated by 4 * 
(peak systolic velocity [m/s])2 (see chapter 3 15 2) To obtain systolic RV pressure, the 
RA pressure (at the time of peak TR velocity) must be added to the Doppler-denved 
pressure drop In the absence of RV outflow obstruction, the systolic RV pressure equals 
the systolic PA pressure Comparison of the Doppler derived RV to RA pressure drop to 
that obtained with cardiac catheterization revealed high correlation coefficients (0 91 < r 
< 0 97) with SEE varying between 6 and 9 mm Hg101 l02 '°3 Similar results were ob-
tained when systolic PA pressure was compared with the Doppler pressure drop104 
105
 To obtain a noninvasive estimate of the RV and PA systolic pressure either a 
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noninvasive estimate of the mean RA pressure was used76 102 101 or the catheterization 
derived RA pressure was added to the Doppler pressure drop1^ or an assumption of the 
RA pressure was made71 7b l t P In a study of 48 patients, a regression equation for RV 
systolic pressure estimation with the systolic transtncuspid pressure drop derived from 
the first 63 patients was used102 This resulted in a correlation between Doppler-estimated 
and catheter-measured RV systolic pressure which was significantly better than when 
using either noninvasively determined or assumed RA pressure The noninvasive 
estimation of mean RA pressure by neck vein distension proved to be inaccurate102 In 
the presence of severe TR using the prominent v-wave of the RA pressure wave can lead 
to overestimation of pressure"" Fortunately, the error introduced by RA pressure 
estimation is small in relation to the Doppler-denved pressure drop in patients with 
pulmonary hypertension101 It was even reported that the addition of RA pressure is not 
necessary104 in order to obtain a reliable PA pressure estimate 
It is necessary to correct for Doppler angle in the measurement of the TR peak velocity 
when the TR jet is not parallel with the Doppler beam Especially in patients with mildly 
elevated RV peak pressures accuracy of the PA pressure estimate improved106 Using 
multiple echocardiographic views an angle < 20 degrees can very often be obtained, 
therefore making angle correction less important71107 
Limitations of the TR method are that TR has to be present and its regurgitant velocity 
has to be adequately measured by continuous-wave Doppler, ι e with a fully developed 
spectral envelope permitting peak velocity measurement The prevalence of TR as deter­
mined by Doppler echocardiography has been reported in neonates108, normal child­
ren
109
 "° " ' , children with congenital heart disease"2 and apparently normal 
adults'09 3 m " ' " 6 and adults with various cardiac diseases'" " 7 " 8 The 
use of TR velocity for predicting pressures was reported to be feasible in 57% of patients 
with normal RV pressure102 and PA pressure76 In contrast, other investigators could 
obtain noninvasive pressure estimates in only 19%106 and 10%ΙΜ In the presence of 
elevated pressure a fully developed spectral envelope was present in 80%1 0 2 1 0 6 1<M ' " In 
children with various congenital heart defects using (non imaging) continuous-wave and 
conventional or high pulse repetition frequency pulsed-wave Doppler a succes percentage 
of 87% has been reported71 In our own study of the prevalence of measurable TR in 
children having congenital heart disease a much lower 6% prevalence was obtained 
probably because we only tried to measure regurgitant velocity when estimated jetlength 
exceeded 1 cm" 2 Contrast enhancement of weak Doppler signals allowing adequate 
regurgitant velocity measurement can be obtained by using hand-agitated saline"9 '2 0 121 
or sonicated albumin'22 Using albumin a smoother Doppler recording and more 
accurate RV systolic pressure estimation122 can be obtained Feasibility of noninvasive 
PA systolic pressure estimation ranged from 6 to 87% With high pulse repetition 
frequency Doppler separation of adjacent jets of VSD and TR was facilitated71 
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Diastolic pulmonary artery pressure estimation using pulmonary) regurgitant velocity 
The PR flow velocity pattern is characterized by a rapid rise in flow velocity immedia-
tely after closure of the pulmonary valve and a gradual deceleration until the next 
pulmonary valve opening123 12\ In 31 patients (8-78 years) the Doppler-derived end-
diastolic PA to RV pressure difference correlated well with catheterization data (r=0.94, 
SEE 3 mmHg) and PA pressure (r=0.92, SEE 4 mmHg)123. When the catheter-determi-
ned RA pressure, as an estimate of RV enddiastolic pressure, was added to the Doppler 
pressure drop the correlation was very good also (r=0.94, SEE=4 mmHg). Angle 
correction resulted only in a better agreement between Doppler pressure drop and cathe-
ter gradient. Underestimation occured as a result of malalignment of the Doppler beam 
with the regurgitant jet and because of high velocity drop out. It was also shown that the 
peak Doppler determined pressure gradient correlated with mean PA pressure. Results are 
similar in children71. PA pressure estimation by using the proto- and telediastolic PR 
velocity is accurate125. Estimation of systolic PA pressure obtained by this method 
compared very well with PA pressure obtained with TR velocity measurement. 
The feasibility of this method also depends on the presence of PR and the possibility of 
obtaining a fully developed spectral envelope. Reported prevalences of PR vary widely. 
With pulsed Doppler PR was found in respectively 31% and 92% of normal subjects 
lasting approximately 80% of diastole"" '". Early diastolic regurgitation was not found. 
Others reported a prevalence of only 5%'". Using color-coded Doppler echocardiography 
PR prevalence (approximately 85%) in apparently normal children is much higher109 "2. 
In pulmonary hypertension the prevalence of right-sided regurgitation is higher than in 
patients with normal PA pressure"7. In healthy subjects a spindle shaped area of 
abnormal signals extending within 10 mm of the pulmonary valve were found, while in 
patients with cardiovascular diseases the signals indicating PR were found to be more 
than 20 mm long126. Analyzable PR velocity Doppler spectra, i.e. with fully developed 
enddiastolic envelope, were found in 86% of patients with pulmonary hypertension and 
in 54% without it123. In children with various congenital heart defects well enveloped 
enddiastolic PR velocity could be determined in 25%"2 and this percentage increased 
with age. In children undergoing cardiac catheterization analyzable PR velocity spectra 
were obtained in 98%71. This high succes percentage is probably due to patient selection 
and catheter-induced regurgitation. 
As PA diastolic pressure is highly correlated to PVR and noninvasive determination of 
diastolic PA pressure by PR velocity measurement is both feasible and accurate, this 
method is clinically very useful. 
Right ventricular systolic pressure measurement m ventricular septal defect 
Several studies describing the possibility of right ventricular systolic pressure determina-
tion by measurement of the transventricular instantaneous pressure drop by Doppler velo-
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city measurement have been reported127 128 129. Systolic PA pressure can be calcula-
ted by subtracting the Doppler derived LV to RV pressure drop from the systolic 
systemic bloodpressure obtained either by sphygmomanometry or at cardiac cathete-
rization. 
Systemic Arterial Pressure = AOP 
Trans Aortic Velocities 
< 1.50 m/s 
LVP = AOP 
> 1.50 m/s 
LVP = AOP + ûP 
Trans VSD Velocities 
< 1.50 m/s 
RVP = LVP 
> 1.50 m/s 
RVP = LVP - ûP 
Trans Pulmonary Velocities 
< 1.50 m/s 
PAP = RVP 
> 1.50 m/s 
PAP = RVP - ûP 
Figure 2.3.2 Diagram for the calculation of systolic PA pressure in left and right 
ventricular outflow tract obstruction (modified from Marx et al.127). 
In figure 2.3.2 a diagram demonstrating a practical method for calculation of the systolic 
PA pressure in case of LV and RV outflow tract obstruction and VSD is shown127. 
Regression analysis revealed correlation coefficients between Doppler-derived and 
catheterization-derived transventricular pressure drops up to r=0.96 with SEE being 9.9 
mmHg127. Both overestimation and underestimation of PA pressure can occur if proper 
peak velocity over the interventricular septum is not obtained. Doppler tended to 
underestimate the pressure difference when it was high (> 50 mm Hg) and overestimate 
it when it was low129. Further inaccuracies can be the result of comparing instantaneous 
pressure drop as measured by Doppler (related to differences in timing of LV and RV 
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contraction) with the peak-to-peak pressure difference obtained at cardiac catheterization 
This was demonstrated by finding a zero catheter-derived pressure drop in 13 of 28 
children while measuring a Doppler-denved pressure drop up to 23 mmHg128 When the 
difference in timing of the systolic pressure increase between both ventricles is exaggera-
ted as seen in bundle branch block1'0 and valvular stenosis"5 this discrepancy between 
peak-to-peak and instantaneous pressure drop widens Using color-coded Doppler it was 
possible to allign the continuous-wave Doppler beam within 15 degrees of the color-
coded jet making Doppler angle correction redundant"0 A method of noninvasive 
determination of PVR by combined cross-sectional and Doppler echocardiography has 
been described111 under the assumption of flow through an orifice being directly 
proportional to the orifice area112 and of a constant relationship between systolic vascu-
lar resistance and the conventional resistances No significant difference between the 
invasively and noninvasively determined PVR by this method was found More studies, 
however, need to validate this method further 
Pulmonary artery pressure measurement m patent ductus arteriosus of Botalli 
Like the ventricular septal defect, the patent ductus arteriosus provides another window 
for examining the pulmonary vascular bed'33 Using Doppler echocardiography diffe-
rent ductal flow velocity patterns can be distinguished13" 135 A continuous flow with 
maximal velocity in late systole and a gradual fall in diastole is seen with normal to 
slightly elevated PA pressure A continuous flow with high systolic velocity and a rapid 
fall to very low (early) diastolic velocity denotes raised PA pressure with a nearly equal 
aortic and PA diastolic pressure At systemic PA pressure the ductal flow is continuous 
with a late diastolic velocity maximum or a bidirectional flow pattern is present13" Dias-
tolic ductal flow is abbreviated in elevated PA pressure11'' 
At normal PA pressure the ductal flow results in a multicolored wide and long systolic 
and diastolic jet in the main PA using color-coded Doppler echocardiography In 
pulmonary hypertension the systolic jet may vary from multicolored to red and is 
thinner In diastole the jet becomes redder 
Although close correlations between instantaneous pressure differences were found134, 
widely varying differences between Doppler-denved and cathetenzation-denved peak-to-
peak ( 1 6 + 28 I mmHg) or trough-to-trough (-13 6 + 24 9 mmHg) and instantaneous 
pressure differences (peak -7 9 + 30 6 mmHg, trough -11 3 + 28 1 mmHg) can be 
présent1" In neonates with PPHN having left-to-nght and bidirectional ductal shunting 
the PA systolic pressure can be calculated using ductal flow velocity at the time of peak 
aortic flow velocity Comparing this PA systolic pressure with that derived by TR 
velocity measurement showed a close correlation was found in both pure left-to-right 
(r=0 95, SEE=8 mmHg) and bidirectional shunting (r=0 95, SEE=4 5 mmHg)137 
The ratio of ductal systolic peak flow velocity to diastolic peak flow velocity does not 
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allow a clear distinction between high and low PA pressure, but it is may be useful to 
regard a ratio of > 2.5 as a suggestion of an important increase in PA pressure although 
a lower one does not exlude an increased PA pressure13S l3B A duration of right-to-left 
shunt in bidirectional shunting < 60% of systole was associated with PA pressures at 
systemic or lower levels, whereas a duration of > 60% denoted suprasystemic PA 
pressures 
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Patients and methods 
3.1 PATIENTS 
3.1.1 Patients and inclusion criteria 
Details of the various populations in which the studies of this thesis were performed can 
be found in the consecutive chapters describing these studies (chapter 4 to 7) All were 
recruited from patients admitted to the Children's Heart Centre at the University Hospital 
Nijmegen during the period 1989-1992 The Children's Heart Centre is a tertiary referral 
clinic for the eastern and south-eastern region of the Netherlands 
Participants for investigating the prevalence of right-sided valve regurgitation in normal 
children (the normal prevalence study, chapter 4 1) were children selected for an 
echocardiographic examination as a part of an investigation concerning the innocent 
vibratory heart murmur1 2 3 In 810 school children, heart auscultation was performed 
by school medical officers and a pediatric cardiologist Each child having a grade 2 or 3 
innocent vibratory heart murmur was matched with another child having no murmur by 
length, weigth and gender Both underwent cardiological investigations including Doppler 
echocardiography The vibratory innocent heart murmur was defined as a groaning, 
musically-harmonic, low-pitched early-mid systolic heart murmur, heard best between the 
apex and the left lower sternal border, sometimes with radiation to the upper right sternal 
border and the carotid arteries So, in 173 children without cardiac disease, aged 8 3 + 
2 7 years, the presence of right-sided valvular regurgitation was studied 
The presence of right-sided valvular regurgitation was investigated in children visiting 
the laboratory of echocardiography during the diagnostic evaluation of (suspected) 
congenital heart disease (the outpatient prevalence study, chapter 4 2) Screening for the 
presence of TR and PR took place in 272 children Age ranged from 0 to 20 years 
(median 5 4 years) and various congenital cardiac defects were present in this group Of 
those with heart disease, 73 (32%) had had cardiac interventions such as surgery or 
balloon valvuloplasty 
In the regurgitant velocity reproducibility and accuracy study (chapter 5) reproducibility 
of Doppler PR regurgitant velocity measurements was investigated in 44 children (group 
I) out of the 272 screened having PR velocity measurable by continuous-wave Doppler 
echocardiography TR velocity reproducibility was obtained in 15 cases having measura-
ble TR velocity Accuracy of TR and PR velocity derived pulmonary pressures was 
investigated in 23 patients {group II), median age 4 8 years (range 0 1 to 14 8 years) on 
42 and 30 occasions, respectively Doppler derived PA pressures were compared with 
simultaneously obtained invasive PA pressures either at the catheterization laboratory 
(n=12) or at the intensive care unit following heart surgery (n=8) or during vasodilator 
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drug testing (n=3) 
Forty-four consecutive patients {group /), visiting the outpatient echocardiography 
laboratory for diagnostic purposes, in which no disturbance of PA bloodflow (1 e by 
stenosis in the RV outflow tract, pulmonary valve or PA, or by a patent ductus arterio­
sus) or transposition of the great arteries was present, were selected in the study of 
reproducibility of PA bloodflow velocity parameters used for PA pressure estimation (PA 
velocity reproducibility study, chapter 6) A second group of 38 patients admitted for 
diagnostic or interventional cardiac catheterization, fulfilling the same inclusion criteria, 
also participated in this study (group If) Age of patients in Group I was 8 4 + 47 years 
(range 0 1 to 16 2 years) An elevated PA pressure was suspected to be present in 3 
children based on physical, electrocardiographic or echocardiographic criteria Age in 
group II was 6 4 + 4 9 years (range 0 2 to 15 6 years) Pulmonary hypertension was 
present in 15 children, while 23 had a left-to-right shunt 
The feasibility and accuracy of noninvasive PA pressure determination using PA blood 
flow velocity characteristics was investigated in 42 patients during simultanous cardiac 
catheterization (the feasibility study, chapter 7) Their age ranged from 0 2 to 15 6 years 
(mean + SD 6 7 + 49) Pulmonary hypertension was present in 14 patients having an 
average mean PA pressure of 30 2 + 8 6 mm Hg Left-to-right shunting occured in 27 
patients with ratio of pulmonary to systemic bloodflow ranging from 1 15 to 5 
3.2 THE CARDIAC CATHETERIZATION STUDY 
3.2.1 Anesthesia 
In our catheterization laboratory all studies in children are performed under general 
anesthesia with mechanical positive pressure ventilation All children > 1 year old were 
premedicated with midazolam 0 2-0 3 mg/kg Induction was achieved using methohexital 
25 mg/kg in children < 20 kg and using etomidate 0 2-0 3 mg/kg in children > 20 kg 
Vecuronium 0 1 mg/kg was used for muscular paralysis Continuation of anesthesia was 
achieved by inhalation of a halothane 0 5-1 5% and N20/02-mixture or by propofol 0 05-
0 25 mg/kg/min All children were mechanically ventilated (Servo 900 В or C, Siemens, 
Erlangen, Germany) using intermittend positive pressure volume controlled ventilation 
with tidal volumes of 8-10 ml/kg and Fi02 of 30-35% No positive end-expiratory 
pressure was used The ventilatory frequency was adjusted to achieve normocapnic 
ventilation as monitored by end-expiratory pC02 4-6 kPa (Hewlett Packard Capnometer 
HP47210A with sensor model 14360, Waltham, Mass, USA) 
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3.2.2 Cardiac catheterization protocol 
The catheter was introduced in the right or left femoral vein by the Seldinger technique 
and advanced to the central PA under fluoroscopic guidance. In a pull-back manner, at 
each site the pressure was recorded and a sample for oxygen saturation (Radiometer 
OSM-1 or OSM-2, Radiometer, Kopenhagen, Denmark) was withdrawn from the PA, the 
RV, the RA and the superior and inferior cavai veins. Then the catheter was changed by 
a Swan-Ganz thermodilution balloon catheter (Baxter, American Edward Laboratories, 
Santa Ana, CA, USA). A 5 Fr catheter was used if weight <20 Kg and a 7 Fr was 
utilized if weight > 20 Kg. Thermodilution cardiac output was measured in triplo by 
injecting 5 mL. or 10 mL. cold 5% dextrose solution into the proximal RA lumen and 
by calculation with a cardiac output computer (Type 9320A or COM-1, American Ed­
wards Laboratories, Santa Ana, CA, USA). Mean pulmonary capillary wedge pressure 
was obtained after balloon inflation in order to reach wedge position. Wedge position 
was ascertained using the pressure curve and checked either by fluoroscopy or by obtai­
ning a high oxygen saturation sample (>95%). 
Diagnostic left-sided catheterization, angiocardiography or interventional procedures 
(balloon valvuloplasty) were performed after the study 
3.2.3 Determination of pulmonary bloodflow 
Several methods for the determination of pulmonary bloodflow are available. Indicator 
dilution methods, including the Fick oxygen method, the indocyanine green dye method 
and the thermodilution method are the most commonly used in the cardiac catheterization 
laboratory. Echocardiographic methods and methods based on the use of radionuclides 
can also be used. In this chapter we only discuss, briefly, the measurement of pulmonary 
bloodflow by thermal dilution using a Swan-Ganz catheter, because we used this method 
for determination of systemic bloodflow. 
T/termodilution 
An injection of a specific amount of an indicator (I) into the superior vena cava or the 
RA is followed by continuous measurement of the indicator concentration (C) as a 
function of time (t) in the PA. The amount of the indicator passing the PA measurement 
site, at a given moment, is equal to volume flow (Q) times the C(t)dt provided Q is 
constant. 
I=QJC(t)dt 
о 
where Q is the volume flow (mL/min). 
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For a thermal indicator, pulmonary bloodflow can be calculated as 
,(т
в
-т)-^-бо 
jàTB(t)dt 
о 
where V( is the volume of injectate (mL); SB, S„ CB and C, are the specific gravity and 
specific heat of blood and injectate, respectively. T, and TB are the temperature of 
injectate and blood. ûTB is the change in blood temperature. Cardiac output has to be 
multiplied by an empirical factor because of catheter warming. 
Studies using thermodilution for determining cardiac output found a good correlation 
with the Fick method and dye-dilution method4. In contrast to the Fick method which 
determines the average cardiac output for several minutes, the thermodilution cardiac 
output is derived in a 10 to 20 second interval. Variability may be due to physiological 
factors such as changes in the ratios of venous return from the inferior and superior cavai 
veins, and changes in the ratio of central blood and peripheral blood returning to the 
heart. Variation in heart rate, cardiac arrythmias, valvular regurgitation (PR and TR) and 
intracardiac shunts are a source of variability5 6. Multiple consecutive measurements are 
necessary to establish reproducibility. A minimal difference of 12 to 15% between 
determinations (3 measurements per determination) are necessary to suggest clinical 
significance4. Timing of the injection with the respiratory cycle has been recommended5, 
but others report a wide variation in thermodilution cardiac output due to unpredictable 
changes in the phase relationship between the ventilation cycle and cardiac output 
cycle7. In the presence of PR and TR the thermodilution method seems to be valid8 9. 
In the presence of a left-to-right cardiac shunt the usual exponential downslope of a 
thermodilution curve is interrupted by a deflection related to early recirculation of cold 
indicator. The area under the first portion of the curve is inversely proportional to 
pulmonary bloodflow and the area under the entire curve is an index of the systemic 
bloodflow10. Shunt-ratio (the ratio of pulmonary and systemic bloodflow) determined 
by this principle correlated well with oxymetric shunt-ratio. We used thermodilution in 
children having left-to-right shunts for determination of systemic bloodflow as the area 
under the temperature curve included the recirculation deflection. 
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3.2.4 The measurement of pulmonary vascular resistance 
The measurement of PVR (Rp) can be performed assuming constant flow and neglecting 
capacitance and inertial forces: 
D - ' ° 
Rp-—^r 
where Q = volume flow and Pi - Po = inflow pressure - outflow pressure. 
For clinical purposes this equation is useful. PVR can thus be calculated by dividing the 
PA mean pressure (PAPM) to LA mean pressure difference by the pulmonary bloodflow 
(Qp). The mean LA pressure can be substituted by the mean pulmonary capillary wedge 
pressure (PCWP), which approximates the level of LA pressure when properly derived. 
pvR=PAPM-PCWP 
Q 
Ρ 
3.2.5 Shunt detection and quantification 
The basic invasive technique for detection and quantification of a shunt is the measure­
ment of the oxygen content of the right heart and the left heart. If the oximetry run 
reveals a significant step-up in oxygen content, the magnitude of the left-to-right shunt 
and right-to-left shunt may be calculated as follows". 
vo 
QB = 777 ^ТГ^ ^77 * W> * 1.35) " (O, sat PV - О
г
 sat PA) 
V
o 
* (Hb * 1.35) (0 2 sat systemic artery - 02 sat mixed venous) 
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where V0, = oxygen consumption, Hb = Hemoglobin (g/L), sat PV = pulmonary venous 
saturation, sat PA = pulmonary arterial saturation, Qp = pulmonary bloodflow and Qs = 
systemic bloodflow. 
Therefore, the pulmonary bloodflow to systemic bloodflow ratio can be obtained with. 
Q (02 sat systemic artery - 02 sat mixed venous) 
Qs (02 sat PV - 02 sat PA) 
For accurate results a steady-state during the collection of blood samples is required. 
High systemic bloodflow causes higher mixed venous oxygen saturations and blunting of 
interchamber variability due to streaming leading to errors in shunt quantification. Other 
more sensitive methods for shunt detection and quantification are available. 
3.3 THE ECHOCARDIOGRAPHY INVESTIGATION 
3.3.1 Echocardiography examination 
For all studies a commercially available echo apparatus (SSH-65A, Toshiba Medical 
Systems, Tokyo, Japan) was used. A transducer with a carrier-frequency of 2.5 or 3.75 
MHz capable of B-mode, color-coded, pulsed-wave and continuous-wave Doppler mode 
echocardiography was used. 
Color-coded Doppler settings were standardized a pulse repetition frequency of 4 KHz 
allowing measurement of flow velocity up to 0.54 m/s (3.75 MHz transducer) or 0.75 
m/s (2.5 MHz transducer) without aliasing was routinely used. Color gain was set at a 
level at which static background noise barely appeared In the continuous-wave Doppler 
studies a 3 MHz Doppler transmitter frequency and a 1600 KHz filter were used. The 
pulsed-wave sample volume was set at a width of 3 mm. In pulsed-wave Doppler studies 
Doppler frequency components < 400 Hz were eliminated. A full echocardiographic 
study was performed in the children prior to cardiac catheterization. 
The pulmonary valve and the PA main stem were visualized from the parasternal short-
axis view or the RV outflow tract view. Using color-coded Doppler echocardiography 
the flow in the PA main stem and the RV outflow tract were visualised. The presence or 
absence of PR was noted. PR was considered present when a diastolic red-yellow colored 
regurgitant flow originating from the pulmonary valve could be seen. Whenever the case, 
the PR velocity was measured using combined color-coded and continuous-wave Doppler 
echocardiography. An indicator line, originating from the crosspoint of the continuous-
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wave Doppler transmitter and receiver line was put at the level of the regurgitant valve 
and was aligned with the direction of the regurgitation jet to obtain Doppler angle The 
latter was kept as small as possible For the measurement of the systolic PA bloodflow 
velocity the pulsed-wave Doppler sample volume was longitudinally placed in the middle 
of the PA main stem 1 cm distal to the pulmonary valve The appropriate pulse repetion 
frequency and zero-line level were chosen to obtain signals without aliasing 
The tricuspid valve was also visualized from the parasternal short-axis view or from the 
apical four chamber view With color-coded Doppler echocardiography the presence of 
TR was examined For TR to be present a systolic blue-green-yellow jet from the 
tricuspid valve into the RA had to be found In the same way as in PR, the regurgitant 
velocity and Doppler angle were measured 
All Doppler flow velocity waves and lead II electrocardiogram were recorded on VHS 
videotape with registration speed equal to 75 mm/s for at least a 20 second period for 
later off-line analysis 
3.3.2 The Bernoulli equation 
The Bernoulli equation is now the basis of many clinical echocardiography applications 
of Doppler echocardiography12 In a measurement system, ι e the blood vessel or the 
heart, the sum of potential, kinetic and internal energy are zero Additionally, in the 
same manner a mass and impulse balance exist Using these physical balances, the 
Bernoulli equation can be derived The driving force for bloodflow through a vessel is 
the pressure drop along the vessel For time-steady flow viscous friction balances 
pressure drop In bloodflow acceleration, as occurs in arteries and the heart additional 
driving force is necessary to overcome inertial forces Changing of the cross-section of a 
tube causes flow to convect and to accelerate, which requires additional pressure drop 
Therefore, the total energy of the pressure drop along a vessel balances the energy 
involved with convective acceleration, flow acceleration and viscous friction Viscous 
friction depends on local velocity and velocity profile In the center of a flat velocity 
profile viscous friction can be neglected unless the orifice diameter is smaller than 3 5 
mm
11
 Underestimation of pressure drop occurs for lower velocities and smaller orifice 
diameters For clinical purposes the flow acceleration term has been neglected also, but 
can cause underestimation of pressure drop Neglection of viscous friction and flow 
acceleration terms simplifies the equation to 
where rho is mass density of blood (1 06* 103 Kg/m3) and V, and V2 are proximal and 
distal velocity 
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If velocity is in m/s and pressure drop in mm Hg this makes 
PrP2 - 4*(V22-V]) 
The assumption that proximal velocity is much smaller than distal (jet) velocity (V, < V2 
and thus V,2 « V22) yields the modified Bernoulli equation 
PrP2 - 4*V* 
The modified Bernoulli equation has been used in estimating the pressure drop across 
stenotic and regurgitant valves, VSD and patent ductus arteriosus12 
3.4 DATA ACQUISITION 
3.4.1 The data acquisition system 
In figure 3 1 a schematic overview is given of the equipment used in the cardiac 
catheterization laboratory In the catheterization laboratory signals originating from the 
SICOR-equipment [Siemens, Erlangen, Germany] (ECG and pressure waves), and the 
capnogram (Hewlett-Packard capnometer HP47210A, Hewlett-Packard, Waltham, Mass, 
USA) were stored on-line, after analog-to-digital conversion (DAS16F, Metrabyte 
Corporation, Taunton, Mass, USA) in a personal computer (PC Tulip 386SX, Tulip, Den 
Bosch, The Netherlands) with sample frequency of 200 or 300 Hz during a 20 second 
period (ASYST Software Technologies, Rochester, NY, USA) Doppler velocity curves 
and the ECG from the echo apparatus (SSH65A, Toshiba Medical Systems, Tokyo, 
Japan) were recorded on VHS-videotape (Panasonic VTR type 6200 AG) A mark signal 
was registered for synchronisation purposes on both personal computer and VHS-
videotape registrations 
3.4.2 Electrocardiogram 
The lead II ECG was used as a time reference for Doppler variables The zero-time 
reference point of the cardiac cycle commonly used is the beginning of the QRS-
complex To obtain this time-reference point the recorded electrocardiogram was 
analyzed by a custom made software program 
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Figure 3.1 Schematic overview of equipment used in the catheterization 
laboratory 
3.4.3 Pressure measurement system 
Fluid-filled standard catheters (Cordis NIH catheters of 5Fr, 5.2Fr or 6Fr, Cordis 
Corporation, Miami, FL, USA) connected to strain-gauge manometers (Bentley Trantec 
pressure transducer model 800, volume displacement 0.04 mmVlOO mm Hg, Irvine, CA, 
USA or Viggo Spectramed 5269-021, volume displacement 0.03 mm3/100 mm Hg, 
Swindon, United Kingdom) were used. In a pressure measurement system using a fluid-
filled catheter, by its frequency response characteristics, the components of the pressure 
waveform are distorted when their frequency approaches the natural frequency of the 
pressure measurement system. The resulting pressure waveform will be a distorted 
version of the input waveform'4. Therefore the system should be critically damped. For 
clinical purposes a flat frequency response (+ 3 dB) up to 10-12 Hz with a resonant fre-
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quenc> above this value is adequate A system with dampingscoefficient (ß) equal to 
0 64 is said to be optimally damped The pressure measurement system used in this study 
had resonant frequencies varying from 16-30 Hz and dampingscoefficient ß ranging from 
0 13-0 22 denoting underdamping In figure 3 2 the amplitude-response curve of the 5 2 
Fr NIH-catheter, which was most frequently (85%) used, is shown By the pressure 
measurement system, we used in this study, reasonably accurate PA pressures can be 
obtained, although the system is underdamped 
Dynamic Amplitude Response 
catheter-manometer system 
relative amplitude (dB) 
4 
2 
О 
-2 
-4 
-6 
0.1 
A A - A kA 
1 10 
frequency (Hz) 
100 
— 5 2 Fr NIH without 
F r e s = 1 6 H z B - 0 194 
- 5.2 Fr NIH with 
F r e s = 1 2 H z 6 = 0 196 
Figure 3.2 The dynamic amplitude-response curve of the catheter-manometer 
system most frequently used in the measurements described in this 
thesis A 5 2 Fr NIH 0 9% non-degassed NaCl-filled catheter was 
connected to a Trantec Model 800 strain-gauge manometer with and 
without tubing and subjected to a sinusoidal 'pressure' wave with 
frequency of 0 5, 1,2, 4, 6, 8, 10, 12, 14 ,16, 18, 20, 25 and 30 Hz 
Fres resonant frequency, with with tubing, without without tubing, ß 
dampingscoefficient 
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The pressure signals from the PA, RV or RA were sampled with a frequency of 200 or 
300 Hz during a 20 second period (ASYST Software Technologies, Rochester, NY, 
USA). Calibration signals corresponding to 0, 10, 20, 40 and 100 mm Hg were obtained 
for each measurement. Pressure-curves had to be additionally filtered to correct for 
underdamping, but also as a consequence of catheter movement artifacts due to the high 
pulmonary bloodflow in many patients. For each cardiac cycle lasting from the beginning 
of the QRS-complex, a Fourier transform over 512 data points was applied to obtain the 
frequency-spectrum of the pressure signal. At a cut-off frequency (8 Hz) the pressure 
signal was filtered by 3 dB per octave. Systolic, diastolic and mean pressure were 
derived from the filtered curves (figure 3.3). Systolic pressure was defined as the 
maximum pressure. Diastolic pressure was defined as the minimum pressure between 
systole and the beginning of the next QRS-complex. The pressure at the beginning of the 
next QRS-complex was the enddiastolic pressure. 
~A 
Figure 3.3 Example of pulmonary artery pressure wave before (grey line) and 
after filtering. 
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3.4.4 Respiratory signals 
In order to investigate the effects of respiratory movements on the measurements a 
respiration curve was constructed using PA and RV pressure registrations The capno-
gram, which is the registration of partial pressure of carbondioxide in in- and expired air 
was not used The effects of respiration on PA hemodynamics are mainly a consequence 
of the periodical changes in intrathoracic pressure Due to different airway compliances 
between patients, a variable phase-lag between the capnogram and respiratory intrathora-
cic pressure changes exists We, therefore, used the fluctuations in the intravascular 
pressure curve by the periodical changes in intrathoracic pressure due to respiration to 
reconstruct the respiration curve An average pressure curve representing the average 
pressure change as a result of cardiac contraction was computed Beat-to-beat subtraction 
of this average pressure curve from the original pressure wave results in the intrathoracic 
pressure fluctuation due to respiration (figure 3 4) In spontaneous ventilation intrathora-
cic pressure declines with inspiration and inclines with expiration The opposite happens 
in mechanical positive pressure ventilation Four respiratory phase were classified as 
shown in table 3 2 
Table 3.2 Classification of cardiac cycle into respiration phase 
Respiration phase start cardiac cycle end cardiac cycle 
inspiratory 
expiratory 
end-inspiratory 
end-expiratory 
inspiration 
expiration 
inspiration 
expiration 
inspiration 
expiration 
expiration 
inspiration 
3.4.5 Doppler signals 
The Doppler flow velocity curves, including time and velocity reference markers and the 
lead II ECG as obtained by the Echo-Doppler apparatus were recorded on videotape for 
off-line analysis For the study concerning the reproducibility of right-sided valve 
regurgitant velocity measurement (chapter 5) a digitizing tablet (Kontron Cardio 200) 
was used In each measurement 5 Doppler velocity curves with the highest velocity and 
with a well developed spectral envelope were selected irrespective of respiratory phase 
In TR the peak systolic velocity and in PR the enddiastohc velocity at the onset of the 
QRS-complex were measured 
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The built-in software of the echo-apparatus was used in the study of accuracy of PA 
pressure estimation by TR and PR velocity measurement (chapter 5). The average 
velocity of the 5 selected heartbeats was used for further statistical analysis. 
The Doppler velocity curves obtained in the main PA during the studies described in 
chapter 6 and 7 were manually digitized at the highest discernable velocity using either a 
digitizing pad (chapter 5) or an image processing computer program (chapter 7). The 
digitized curves, on a beat-to-beat basis, were further analysed to compute the variables 
shown in table 3.3. 
After visual examining many pulmonary bloodflow velocity curves (totally more than 
2000 traces have been manually made) the curves were thought to be composed of three 
parts. The first is the accelerating part of the curve, the second the top and the last 
portion is the decelerating part. In some curves the decelerating part seemed to consist of 
2 parts divided by a bending point. After finding zero velocity line and maximum 
velocity, a computer algorithm fitted the acceleration part and the top of the pulmonary 
bloodflow velocity curve by a second order polynomial function: 
Y=aX2+bX+c 
The decelerating part was fitted by a third order polynomial function at first-
У=аХ
ъ+ЬХ2+сХ+а 
If the bending point of this function laid within the velocity curve, the computer fitted 
the piece below and above the bending point with a second order polynomial function 
seperately. Other functions, i.e. logaritmic did not fit the pulmonary bloodflow velocity 
curves well. A measure of the quality was obtained by computing the error for each 
performed fit for each cardiac cycle: 
N 
^(У{х)-У{х;,а
а
,а
х
,а
г
))2 
e = — *104 
N 
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If the error was greater than 25, further analysis of the velocity curves in order to obtain 
the variables as listed in table 3 3 was not performed Later, the 95th percentile of each 
error was computed If either error of a curve exceeded this 95th percentile, the results 
of this curve were excluded from statistical analysis 
Table 3.3 Overview of computation of pulmonary blood flow velocity variables 
Variable Abb Computation 
maximal velocity Vmax top of 2nd order function through top part of curve 
pre-ejection period PEP time from onset QRS-complex to first zero-point 
of function through acceleration part of curve 
acceleration time AT time from first zero-point of curve through accele-
ration part of curve to time of Vmax 
maximal acceleration Amax the slope of function through acceleration part of 
the curve at the first zero-point 
deceleration time DT time from time of Vmax to time of zero-point of 
3rd order function through deceleration part 
ejection time ET time between first zero-point of function through 
acceleration part of curve and zero-point of 3rd 
order function through deceleration part 
maximal deceleration Dmax the slope of 3rd order function through decelerati-
on part of curve at zero-point 
Abb abbreviation used in text 
3.4 STATISTICAL METHODS 
Details of the statistical methods used for each study will be given in the chapters 
concerning the various studies (see chapter 4 to 7) Either SPSS-PC+ V3 1 or SAS 
version 5 or 6 statistical software were used15 16 for statistical computations Descripti-
ve statistics were used in all studies For testing the hypothesis that means or medians 
between groups were equal the Student t-test and the Wilcoxon two-sample test were 
used, respectively The paired t-test was performed to compare means between two 
measurements in one population Correlations between variables were investigated by 
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computation of the Pearson correlation coefficient Linear regression and multiple 
stepwise regression analysis was used for building regression equations Multiple 
stepwise discriminant analysis was performed to find out which Doppler parameters best 
discriminated between the presence and absence of pulmonary hypertension. 
3.6 ETHICAL APPROVAL 
The study protocol has been approved by the local committee on human experimental 
research of the University Hospital Nijmegen Informed consent was obtained from the 
parents after providing oral and written information Additionally, children aged 12 years 
or older also had to consent with the study 
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CHAPTER 4.1 
Right-sided valvular regurgitation in normal children 
determined by combined color-coded and continuous-wave Doppler 
echocardiography 
Ane PJ van Dijk, Anton M van Oort and Otto Daniels 
Children's Heart Centre, University Hospital Nijmegen, The Netherlands 
Acta Paediatr 1994;83:200-203 
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4.1.1 ABSTRACT 
Using Doppler echocardiography the prevalence of TR and PR was prospectively 
determined in 173 normal children, aged 8 3 + 2 7 (range 5-14) years PR was defined as 
a red-yellow or mosaic colored regurgitant flow continuing to enddiastole with continu-
ous-wave Doppler It was found in 84% of the children TR was defined as a blue-green 
or mosaic colored regurgitant flow from the tricuspid valve into the RA lasting >'A 
systole as determined with continuous-wave Doppler TR was present in only 8% of the 
children TR flow of very short duration, considered to be due to valve closure, was 
found in 75% No effect of age, presence of a vibratory innocent heart murmur or 
gender on the prevalence of right-sided valvular regurgitation could be demonstrated All 
regurgitations were hemodynamically insignificant 
Thus, right-sided valvular regurgitation in normal schoolchildren is a normal physiologi-
cal finding with relatively high prevalence In the absence of functional reasons for these 
regurgitations and in the absence of structural pulmonary or tricuspid valve disease, these 
signals should be considered physiologic in order to avoid iatrogenic heart disease 
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4.1.2 INTRODUCTION 
Using color-coded Doppler echocardiography it is possible to obtain a dynamic display 
of bloodflow in the heart and great vessels superposed on 2-dimensional echocardiograp-
hic images' Both magnitude and direction of bloodflow velocity and turbulence of 
bloodflow are displayed Disturbances in bloodflow velocity due to morphologic or 
functional cardiac abnormalities can easily be recognized 
Right-sided valve regurgitation is often seen in infants and children with congenital heart 
disease, even when the right side of the heart is anatomically and functionally normal" 
TR and PR are also present m normal healthy children214S admitted for echocardiograp-
hic evaluation 
Misinterpretation of the physiologic right-sided regurgitation is possible and can lead to 
iatrogenic heart disease' 
Therefore, knowledge of the prevalence of TR and PR in normal subjects is necessary A 
prospective study was performed to obtain the prevalence of right-sided valve regurgitati-
on in normal children 
4.1.3 PATIENTS AND METHODS 
In a study on the prevalence and origin of the vibratory innocent heart murmur, 810 
children aged 5 to 14 years were examined by a pediatric cardiologist (AVO) during the 
periodical medical examination at school If a vibratory innocent heart murmur was 
present, the children and their parents were asked to come to the outpatient clinic for 
further cardiologie evaluation A control case without any heart murmur, matched for 
length, weight and gender, was also investigated for each child with a vibratory innocent 
heart murmur An ECG and Doppler echocardiography examination with also special 
attention to the presence of right-sided valve regurgitation was performed (AVO) In 1 
child with a vibratory innocent heart murmur a minor subvalvular aortic stenosis was 
found One child having no murmur had a bicuspid aortic valve These children were 
excluded from analysis No other structural heart disease was found The study was 
approved by the local committee on human experimental research 
echocardiography 
In left lateral recumbent position, the presence of TR and PR was investigated using 
color-coded Doppler echocardiography (Toshiba SSH-65A, 3 75 MHz Duplex transdu-
cer) Color-coded Doppler gain was set at the level that background noise barely 
appeared A pulse repetition frequency of 4 kHz was routinely used allowing velocity 
measurement up to 0 54 m/s without aliasing The pulmonary valve was visualized from 
the left parasternal short axis view The apical 4 chamber view was used for tricuspid 
valve visualization PR was present when both a diastolic red-yellow or mosaic colored 
regurgitant flow originating from the pulmonary valve could be seen and an enddiastolic 
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PR velocity spectrum could be obtained using 2-dimensional color guided continuous-
wave Doppler (3.0 MHz, filter 1600 Hz). Enddiastole was defined as the beginning of 
the QRS-complex of the ECG. For TR the following had to be found: 1. a systolic blue-
green or mosaic colored jet from the tricuspid valve into the RA and 2. a regurgitant 
flow as determined by continuous-wave Doppler lasting more than 'Λ systole. TR of less 
duration was classified as negligible TR7 and was considered to be due to valve closure. 
By 'eye-balling' the continuous-wave Doppler display during several beats, the beat with 
the longest flow duration and best developed spectral envelope was selected. A registra­
tion of PR and TR is shown in figure I and 2. 
data-analysis 
The data are presented as mean + standard deviation (SD). In comparing group means 
Student's t-test was used. The Chi-square statistic was used in comparison of the 
prevalence of right-sided regurgitation between groups. A two-tailed p-value < 0.05 was 
considered to be significant. 
4.1.4 RESULTS 
The presence of TR and PR was prospectively determined in 173 children, 80 girls and 
93 boys. The mean age was 8.3 + 2.7 years. None had a murmur suggestive of PR or 
TR. A vibratory innocent heart murmur was present in 85 children. No difference in age, 
height and weight was present between those with and without this murmur. 
In 154 (84%) children a red-yellow or mosaic colored regurgitant flow originating from 
the pulmonary valve could be seen, but in only 140 children (81%) the Doppler spectrum 
was fully enveloped at enddiastole. In the group with a vibratory innocent heart murmur 
72 out of 85 children had PR. In those without murmur 82 out of 88 had PR. No 
difference in prevalence between these groups was present (p=0.12). The age of the 
children with PR was 8.2 + 2.6 years and of those without PR was 8.9 + 2.9 years 
(p=0.21). 
TR lasting >'/2 systole was present in 13 children (8%). In only 1 child the Doppler 
spectrum was fully developed permitting regurgitant peak velocity measurement. 
Negligible TR flow of very short duration was found in 129 (75%). In all children the 
TR was either very short or lasted >Vi systole. The prevalence of TR in those with a 
vibratory innocent heart murmur (10/85) was equal (p=0.07) to that in children without 
murmur (3/88). Children with TR were equally aged to those without TR respectively 
being 9.1 +3.1 and 8.2 ± 2.7 years old (p=0.37). 
No association between gender and the presence of either TR or PR was found. 
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Figure 4.1.1 A combined color-coded and continuous-wave Doppler registration 
of PR having a fully developed enddiastolic envelope permitting 
regurgitant velocity measurement. 
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Figure 4.1.2 A combined color-coded and continuous-wave Doppler registration 
of TR having a fully developed envelope permitting regurgitant 
velocity measurement. 
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4.1.5 DISCUSSION 
Knowledge of the prevalence of PR and TR in healthy school children without structural 
heart defects is important in the prevention of iatrogenic heart disease It is especially 
important for pediatricians to whom echo-Doppler instruments are now becoming 
generally available and who might themselves examine patients using Doppler echocar­
diography for heart murmurs In the literature1' 7" ' ' prevalences of right-sided valve 
regurgitation in apparently normal persons range from 5% to 92% for PR and from 6% 
to 95% for TR Comparison of these studies is almost impossible due to differences in 
the definition of regurgitation and Doppler technique used In 87 children aged 6 to 19 
years Yoshida et al ' reported, using color-coded Doppler, a TR prevalence of 71% and a 
PR prevalence of 75% In their study the flow signal was judged as a regurgitation when 
its duration was more than 100 ms by M-mode color flow mapping In a retrospective 
study of Choong and co-workers using single-gate pulsed wave Doppler in 308 normal 
children under 20 years of age, a much lower prevalence of TR (8%) and PR (4%) of 
longer than 200 ms duration was reported* Brand et al detected PR in 22% and TR in 
6% of children, aged 0 to 14 years, with normal hearts' Flow needed to have a duration 
of more than 200 ms and a regurgitant velocity exceeding 1 2 m/s to be judged as 
regurgitation In the present study, the definition of regurgitation was based on the 
presence of typical flow disturbance visualized with color-coded Doppler and the 
duration of the regurgitant flow velocity signal determined by continuous-wave Doppler 
A very short duration of the flow signal is attributed to a valve closure artifact or simply 
the movement of blood in front of closing valve leaflets' The duration of the regurgitant 
flow signal and the presence of a well-enveloped Doppler spectrum determines the 
feasibility of measuring the regurgitant velocity, which can be used to noninvasive PA 
pressure estimation by applying the modified Bernoulli equation" ' n Thus, in TR the 
signal had to be >'A systole permitting measurement of peak systolic velocity and 
calculation of systolic PA pressure In PR the signal had to continue to enddiastole to 
permit measurement of enddiastolic velocity and estimation of diastolic PA pressure As 
a consequence our definition was more precise than that of Yoshida' or Choong4 In this 
study a PR prevalence approximately equal to that reported by Yoshida et al was found1 
This confirms the finding that PR once seen with color-coded Doppler is predominantly 
holodiastolic The low prevalence of PR reported by Choong4 is probably a consequence 
of using (unguided) pulsed wave Doppler, in which it is very time consuming and often 
difficult to identify extremely eccentric or trivial regurgitation The present study's TR 
prevalence compares with that found using pulsed-wave Doppler reflecting the use of a 
more precise definition of TR excluding very trivial regurgitation The magnitude of the 
passive closing force (ι e the pressure difference proximal and distal to the valve) of the 
pulmonary valve is lower than that of the tricuspid valve This might explain the high 
prevalence of primarily holodiastolic PR and the scarceness of holosystolic TR in normal 
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valves The lower prevalence or even absence of aortic and mitral regurgitation m this 
and other studies'^ ' ' supports this 
The effect of age on the prevalence of right-sided valve regurgitation is not clear In 
apparently normal subjects'" and in infants and children having congenital heart disease2 
an increase of the prevalence of TR and PR with age has been reported However, 
Yoshida1 found a decrease with age Both degenerative changes of the valve apparatus 
with advancing age and the poorer penetration of ultrasound in older people have 
opposite effects on the reported prevalence As detection problems due to impaired 
ultrasonic penetration are not a significant factor in normal schoolchildren, the prevalen­
ces found in this study may reflect the real prevalence of TR and PR Due to the small 
age range an age-related effect on the presence of TR and PR could not be demonstrated 
in this population 
Determination of the severity of TR and PR using color-Doppler cardiography is 
difficult The regurgitant flow area is significantly larger in patients with organic valve 
disease than in normal patients4 However, the regurgitant area is not only dependent on 
the seventy of the regurgitation but also on properties of the receiving cardiac compart­
ment'5, instrument settings as gain, pulse repetition frequency and the carrier frequency 
of the transducer" as well as the filter setting New methods to quantitate the regurgitant 
flow volume using color-coded Doppler have recently been introduced, but need further 
validation17 Separation of pathologic and normal physiologic nght-sided valve regurgita­
tion can best be done by evaluating the sequelae of the right-sided volume overload, ι e 
RA and RV dilatation The audibility of a regurgitant murmur is highly dependent on the 
seventy of the valve regurgitation"" Neither audible regurgitation murmurs nor RA or 
RV dilatation were present in the children investigated Although we did not exactly 
quantitate the regurgitant velocity, the enddiastolic PR velocity approximately ranged 
from 0 8 to 1 60 m/s, which corresponds at a normal RA pressure to normal PA diastolic 
pressures In the only child with measurable TR the peak systolic velocity was about 
2 60 m/s and also corresponds to a normal systolic PA pressure 
It can be concluded that the TR and PR we found in normal children using combined 
color-coded and continuous-wave Doppler echocardiography are hemodynamically not 
important and can be said to be a normal physiological finding with a relatively high 
prevalence In order to avoid iatrogenic heart disease, these signals have to be jugded not 
indicative of disease in the absence of functional and structural reasons for these 
regurgitations 
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4.2.1 ABSTRACT 
[η 272 patients, aged 0 to 20 years (median 5.6 years) admitted for diagnostic echocar­
diography the prevalence of right-sided valve regurgitation was investigated by Doppler 
regurgitant velocity measurement. 229 patients had congenital heart disease, whereas 43 
had a structurally normal heart. Using combined color-coded and continuous-wave 
Doppler echocardiography the presence of TR and PR was noted and if present classified 
in class 0 (no regurgitation), I (not meeting criteria for class II) and II (Jet length > 1 cm 
and well developed systolic or enddiastolic Doppler spectrum for TR and PR). Class II 
regurgitation was assumed to be useful for noninvasive PA pressure estimation. Class II 
TR was present in 6% and TR class I or II in 48%. Class II PR was found in 25%. Any 
PR was present in 52%. Children with regurgitation were older than those without. Class 
II regurgitation was found to be more prevalent after intervention for both TR and PR 
than the combined classes 0 and I. Thus, in normal children and children having 
congenital heart disease the prevalence of right-sided regurgitation is high and increases 
with age. Class II regurgitation is much less prevalent, implying that noninvasive PA 
pressure estimation by TR and PR velocity measurement is not very often feasible in the 
younger age group. 
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4.2.2 INTRODUCTION 
Using echo-Doppler it is possible to estimate the systolic (in absence of RV outflow 
obstruction) and enddiastolic PA pressure noninvasively by applying the modified 
Bernoulli! equation on TR and PR regurgitant flow velocity respectively' 
Application of this method is limited by the necessity of presence of TR or PR and the 
ability to measure the regurgitant velocity adequately The prevalence of Doppler 
determined TR and PR in children with congenital heart disease, especially in respect to 
the proportion of right-sided regurgitation useful in obtaining noninvasive PA pressure 
estimates is not very well known 
We determined the prevalence of TR and PR in children seen at a pediatric cardiology 
outpatient clinic in respect to the Doppler applicability in noninvasively estimating PA 
pressure 
4.2.3 PATIENTS AND METHODS 
Study participants were 272 consecutive patients (154 male, 118 female) admitted to our 
pediatric cardiology echocardiography outpatient clinic Median age was 5 6 years (range 
0-20) Congenital heart disease was present in 229 patients, while 43 (16%) had a 
structurally normal heart (table 4 2 1) Of those with heart disease 73 (32%) had cardiac 
intervention as surgery or balloonvalvuloplasty, in the past All patients had sinus rythm, 
20 had right bundle branch block 
All patients, lying in left lateral recumbent position and quietly breathing, were screened 
on the presence of right-sided regurgitation using color-coded Doppler (Toshiba SSH-
65A equipped with a 2 5 MHz and 3 75 MHz Duplex transducer) Color-coded Doppler-
settings were standardized a pulse repetition frequency of 4 kHz allowing measurement 
of flow velocity up to 0 54 m/s (3 75 MHz transducer) or 0 75 m/s (2 5 MHz transducer) 
was routinely used Color gain was set at a level that static background noise barely 
appeared If estimated jetlength exceeded 1 cm we tried to measure the regurgitant 
velocity using combined color-coded and continuous-wave echo-Doppler (3 0 MHz, filter 
1600 Hz) 
TR was classified by two observers in three classes 0: no regurgitation, I: regurgitation, 
but not meeting criteria of class II, II: holosystolic regurgitation with regurgitant 
jetlenght exceeding 1 cm and well enveloped Doppler-spectrum PR was classified in a 
similar way as 0: no regurgitation, I: regurgitation, but not meeting criteria of class II, 
including regurgitation after (partial) valvectomy II: holodiastolic regurgitation with 
jetlength exceeding 1 cm and well enveloped enddiastolic Doppler-spectrum Class II 
regurgitation is assumed to be useful for PA pressure estimation 
This study was approved by the local committee on human experimental research 
Parental informed consent was obtained Data are presented as median and range Chi-
square statistics were used in analyzing the association of prevalence of valvular 
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regurgitation with sex, history of intervention and presence of right bundle branch block. 
Wilcoxon's two sample test was used to evaluate differences in age between groups with 
and without regurgitation. Level of significance was set at 0.05. 
4.2.4 RESULTS 
Using combined color-coded and continuous-wave Doppler a high prevalence of right-
sided valvular regurgitation, even in apparently normal patients was found. In table 4.2.1 
the distribution of the different classes of regurgitation is shown. 
Peak systolic TR velocity was 2.75 + 0.46 m/s (mean + standard deviation) and 
enddiastolic PR velocity, measured at the beginning of the Q-wave of the ECG amounted 
to 1.10 + 0.24 m/s. Age was higher in patients with regurgitation than in patients without 
it: in those with PR (class I and II) age was 9.9 years (range 0.6-19), while in the group 
without PR age was 2.7 years (range 0-20) (p<0.001). Patients with TR (class I and II) 
were aged 8.8 years (range 0.1-19.2) and those without 4.1 years (range 0-20)(p<0.001). 
Of the 43 normal patients, those with regurgitation were older than those without it. No 
overall association of the prevalence of TR or PR with cardiac intervention or sex was 
found, but the prevalence of TR and PR was higher in those with right bundle branch 
block (p<0.05). When all patients were divided into groups with class II and without 
class II regurgitation (class 0 and I), class II regurgitation was found to be more 
prevalent after intervention for both TR and PR (Chi-square, p<001). 
4.2.5 DISCUSSION 
In our young patient group in which we did not measure PA pressure invasively class II 
PR was present in 25% and class II TR in only 6%. Currie1 was able in 57% of patients 
(predominantly adults) with normal RV pressure to use TR velocities in predicting RV 
systolic pressure. Hamer3 and Berger4 could measure TR velocity adequately in only 19% 
and 10% of such (adult) patients in contrast to 80% of those with elevated RV pressure. 
Using enddiastolic velocity Masuyama2 found an analyzable PR in 86% of patients (age 
8-78 years) with and in 54% without pulmonary hypertension. The higher age and the 
use of more sensitive and smaller nonimaging transducers facilitating better aligning of 
the ultrasound beam with flow in the mentioned studies'214 might be an explanation for 
the relatively low prevalence of regurgitation useful for PA pressure assessment in this 
study. Further, our definition of regurgitation useful for pressure estimation is probably 
more precise than in other investigations. 
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Table 4.2.1 The prevalence of PR and TR according to diagnosis 
Diagnosis PR TR PR and TR 
VSD 
ASD 
PDA 
PS 
AS 
AS/AR 
Coarctation 
Coarctation/AS 
AVSD 
TF 
TGA 
Marfan 
Complex 
Other 
Normal 
Total 
% 
No 
21 
18 
5 
30 
24 
27 
6 
6 
7 
17 
9 
16 
14 
29 
43 
272 
100 
I 
4 
1 
0 
5 
3 
10 
0 
0 
0 
1 
0 
1 
2 
4 
4 
35 
13 
II 
0 
1 
1 
3 
3 
3 
2 
1 
0 
0 
1 
4 
0 
0 
5 
24 
9 
I 
6 
6 
1 
4 
4 
2 
1 
1 
2 
1 
3 
2 
4 
2 
6 
45 
17 
II 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
3 
0 
4 
1 
A 
0 
0 
0 
2 
1 
0 
0 
0 
0 
0 
0 
1 
0 
2 
1 
7 
3 
В 
0 
0 
0 
3 
0 
0 
0 
0 
0 
3 
0 
0 
0 
0 
0 
6 
2 
с 
4 
0 
1 
3 
5 
5 
1 
0 
I 
0 
0 
5 
0 
5 
6 
36 
13 
D 
3 
4 
0 
2 
2 
2 
2 
2 
0 
8 
1 
2 
0 
2 
4 
34 
12 
A: PR+TR both class II, AR: aortic regurgitation, AS: aortic stenosis, ASD: atrium 
septum defect, AVSD: atrioventricular septum defect, B: PR class I and TR class II, C: 
PR class II and TR class I, D: PR+TR both class I, PDA: persistent ductus arteriosus, 
PS: pulmonary valve stenosis, PR: pulmonary valve regurgitation, TF: tetralogy of Fallot, 
TGA: transposition great arteries, TR: tricuspid regurgitation, VSD: ventricular septum 
defect. 
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In apparently normal adults a prevalence of regurgitation at both right-sided valves 
increasing with higher age has been reported5, while others found a decreasing prevalence 
with higher age'. In this study concerning infants and children only, we found an 
increasing prevalence of TR and PR with increasing age in both diseased and normal 
children. Prevalence of class II regurgitation useful for estimating PA pressure also 
increased. Despite the better echocardiographic window in children, especially in 
visualizing the pulmonary valve, TR and PR of which the regurgitant velocity can be 
measured adequately seems to be less prevalent than in adults. 
In conclusion: the frequency of right-sided regurgitation in children with congenital heart 
disease and in normals is high. The prevalence increases with age. Class II regurgitation 
however is much less prevalent implying that a noninvasive estimation of PA pressure by 
using right-sided regurgitant velocities cannot be obtained very often in the younger age-
group. 
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5.1 ABSTRACT 
The operator reproducibility of combined color-coded and continuous-wave Doppler TR 
and PR flow velocity measurements and the accuracy for noninvasive PA pressure 
estimation were investigated in infants and children 
Group I: 272 consecutive outpatients, aged 5 6 (0-20) year, admitted for echocar-
diography were screened on the presence of TR and PR In 44 cases with PR and in 15 
with TR, regurgitant velocities and Doppler angle could be measured by 2 operators 
independently No significant systematic intra- and interoperator differences were found 
Peak systolic TR velocity was 2 87 + 0 44 m/s Enddiastolic PR velocity was 1 11 + 0 24 
m/s In TR the coefficient of interoperator reproducibility was lower in angle corrected 
(0 15 m/s) than in uncorrected velocity measurements (0 28 m/s) In PR these coef-
ficients were 0 19 m/s and 0 17 m/s 
Group II: 42 TR and 30 PR measurements were compared with simultaneous invasive 
PA pressure in 23 patients aged 4 8 (0 1-14 8) year during diagnostic catheterization 
(n=12), following heart surgery (n=8) and during vasodilator drug testing (n=3) PA 
systolic and diastolic pressure were 61 (17-127) mmHg and 31 (3-80) mmHg TR 
significantly overestimated PA pressure (-6 1 + 17 7 mm Hg) The limits of agreement 
between catheterization and Doppler were -41 8 to 29 6 for systolic and -5 3 to 6 5 
mmHg for diastolic PA pressure Angle correction did not improve agreement Overesti-
mation in TR was higher in mechanical ventilation (-13 8 + 19 3) than in spontaneous 
breathing (-1 3 + 1 1 2 mmHg) 
Measurement of TR and PR velocity using combined color-coded and continuous-wave 
Doppler echocardiography is well reproducible in infants and children In TR reproduci-
bility increases when velocity is corrected for Doppler-angle The limits of agreement of 
noninvasive estimation of systolic PA pressure using TR measurement especially in 
mechanically ventilated infants and children are too wide, preventing accurate PA 
systolic pressure estimation Diastolic PA pressure determination by PR velocity 
measurement is highly accurate 
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5.2 INTRODUCTION 
Especially in the management of congenital heart disease it is of clinical importance to 
be informed about the PA pressure Using echo-Doppler it has been shown that it is 
possible to estimate the systolic (in absence of RV outflow obstruction) and enddiastolic 
PA pressure by applying the modified Bernoulli equation on regurgitant flow velocity in 
TR and PR, respectively1"""" 
The accuracy of the PA pressure estimation partly depends on the reproducibility of the 
Doppler velocity measurement' Accuracy is difficult to study in the presence of large 
random errors, therefore adequate reproducibility should be demonstrated prior to 
attempts to establish accuracy of a measurement In studies on the accuracy of estimating 
PA pressure or RV pressure1147 reproducibility of the TR or PR velocity measurement is 
determined only by re-reading the Doppler-spectra by different observers, while 
interoperator variability might be considerable10 
The aim of this study was to determine the intra- and interoperator agreement of 
continuous-wave Doppler TR and PR flow velocity measurements and the effect of angle 
correction on reproducibility Further, the accuracy of PA pressure estimation was 
investigated by comparing these Doppler measurements with simultaneously obtained 
invasive PA pressures 
5.3 METHODS AND PATIENTS 
Study-group 
Group I 
In this prospective study 272 patients, 154 male and 118 female, admitted for echocardi-
ography to our pediatric outpatient clinic, were screened on the presence of right-sided 
valvular regurgitation using combined color-coded and continuous-wave echo-Doppler" 
Median age was 5 6 (0-20) year Congenital heart disease was present in 229 patients, 
while 43 (16%) had a structurally normal heart All patients had sinus rhythm, 20 had 
right bundle branch block 
TR velocity could be adequately measured by continuous-wave Doppler in 10 patients, 
PR velocity in 60 patients and both TR and PR velocity in 7 patients Since a different 
way of off-line analysis was used in 1 TR and 14 PR velocity measurements, we 
excluded these measurements from statistical analysis In another 1 TR case and 9 PR 
cases the protocol could not be completed due to limited cooperation 
Table 5 1 lists the diagnosis of the final 15 cases with TR and the 44 cases with PR RV 
volume overload was present in 9 cases with TR and in 2 with PR 
Group II 
Accuracy of noninvasive PA pressure estimation was investigated in 23 patients, median 
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age 4 8 (0 1 - 14 8) years TR and PR derived PA pressures could be compared with 
simultaneously obtained PA pressures either at the cardiac catheterization laboratory 
(n=12 patients) or at the intensive care unit following heart surgery (n=8) or during 
vasodilator drug testing (n=3) on 42 and 30 occasions respectively All children investi­
gated at the catheterization laboratory (6 TR and 17 PR measurements) and 5 postopera­
tive patients (10 TR and 10 PR measurements) were mechanically ventilated (Siemens 
Servo 900B/C) The vasodilator drug (Nifedipine) tested patients (24 TR measurements 
and 0 PR measurements) and 3 operated patients (2 TR measurements and 3 PR 
measurements) were spontaneously breathing 
Individual diagnoses are tabulated m table 5 1 All patiens had a regular supraventricular 
rythm and 3 had complete right bundle branch block A left-to-right shunt was present in 
7 patients 
This study was approved by the local committee on human experimental research 
Parental informed consent was obtained 
Echocardiographic methods 
All patients were investigated using a commercially available echo-Doppler apparatus 
(Toshiba SSH-65A) with a 2 5 MHz or 3 75 MHz Duplex transducer as appropriate 
Color-coded Doppler-settings were standardized a pulse repetition frequency of 4 KHz 
allowing color-flow mapping of flow velocities up to 0 54 m/s (3 75 MHz transducer) or 
0 75 m/s (2 5 MHz transducer) was routinely used and color gain was set at a level that 
static background noise barely appeared A continuous-wave Doppler transmitter 
frequency of 3 0 MHz and filter of 1600 Hz were used The pulmonary and tricuspid 
valve were visualized using standard techniques At each measurement an indicator-line, 
originating from the crosspoint of the continuous-wave Doppler transmitter and receiver 
line was put at the level of the regurgitant valve and was aligned with the direction of 
the regurgitant jet to obtain the Doppler-angle 
Measurement protocol 
In group I we tried to measure the regurgitant velocity by 2 dimensional echo guided 
continuous-wave Doppler (3 0 MHz, filter 1600 Hz) if the estimated jetlength exceeded 1 
cm When a well enveloped holosystohc TR or an enddiastolic PR Doppler spectrum 
could be registered, regurgitant velocities were independently measured by two operators 
A and В First operator A, then operator В and again operator A performed the measure­
ment approximately 15 minutes apart These measurements are coded as Al, В and A2 
respectively 
In group II, all Doppler echocardiographic measurements were simultaneously obtained 
with invasive PA and RA pressure measurement In patients, in which TR or PR was 
seen on color-coded Doppler, the regurgitant velocity spectra were registered on VHS-
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videotape In the vasodilator drug tested patients the measurements were repeated every 
hour for maximally 8 times, 30 minutes after each vasodilator drug dose increment In 
the postoperative patients the measurements were performed directly after arrival at the 
intensive care unit and every 12 hours for maximum 3 days thereafter The measure-
ments in the catheterization laboratory were performed at low Fi02 (0 3 - 0 5) and at 
high Fi02 (> 0 9) 
Table 5.1 Diagnosis of patients in group I and group II 
Group I Group II 
Diagnosis 
Ventricular septal defect 
Atrial septal defect 
Patent Ductus Arteriosus 
Pulmonary valve stenosis 
Aortic valve stenosis 
Aortic coarctation 
Atrioventricular septal defect 
Tetralogy of Fallot 
Marfan 
Other 
Normal 
Total 
TR 
0 
0 
0 
3 
0 
0 
1 
3 
0 
3 
0 
10 
PR 
2 
1 
1 
3 
6 
9 
1 
0 
7 
2 
7 
39 
TR and PR 
0 
0 
0 
1 
1 
0 
0 
0 
1 
1 
1 
5 
6 
2 
0 
0 
2 
2 
4 
0 
0 
7* 
0 
23 
PR pulmonary regurgitation, TR tricuspid regurgitation * 2 primary pulmonary 
hypertension, 1 absent pulmonary artery, 1 ventricular and atrium septum defect, 1 
ventricular septum defect plus stenotic supravalvular left atrial ring, 1 dilated cardiomy-
opathy, 1 occluded brachiocephalic trunc 
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Cardiac catheterization 
All intracardiac pressures were measured using standard fluid-filled catheters connected 
to strain-gauge pressure transducers (Trantec Model 800 or Viggo Spectramed 5269-
021) Reported pressures are the average of 8 cardiac cycles 
Data-analysis 
Doppler spectra and the ECG were simultaneously recorded on videotape for later off­
line analysis From each measurement 5 heartbeats with highest velocity and well 
developed spectral envelope were selected irrespective of respiration phase In TR the 
peak systolic velocity and in PR the enddiastolic velocity at the onset of the QRS-
complex were measured In group I a digitizing pad (Kontron Cardio 200) was used We 
used the built-in software of the echo-Doppler apparatus in group II patients All 
Doppler-spectra were read by the same observer (AVD) From the 5 selected beats the 
average of the regurgitant velocities was calculated for further statistical analysis 
Doppler-angle (Θ) was used to calculate angle corrected velocities by dividing the 
measured velocity by cos(0) By applying the modified Bernoulli equation (4 times 
velocity squared) regurgitant velocities were transformed to pressure differences'2 In 
group II the Doppler estimates of systolic and diastolic PA pressure were obtained by 
adding the mean RA pressure to the Doppler-denved RV to RA pressure difference and 
to the Doppler-denved PA to RV pressure difference, respectively 
Statistical analysis 
Data are presented as mean (SD) Because age and Doppler-angle were not normally 
distributed (Kolmogorov-Smimov), for these parameters the median (range) is presented 
In comparing the different operators (Al vs A2 and Al vs B) and methods (Doppler-
denved versus catheter-derived pressures), the data are presented according to Bland and 
Altman' The mean of the differences between operators, between methods, the coeffi­
cients of reproducibility (2 times SD of the differences between operators) and the limits 
of agreement (mean + 2 times SD of the differences between methods) were computed 
It was investigated whether adding mean RA pressure to the Doppler-denved pressure 
difference is necessary to obtain a better agreement between noninvasive and invasive 
measurements by performing stepwise linear regression analysis (ι e wheter adding RA 
pressure to the model invasive pressure = a * Doppler pressure drop + с significantly 
improved the multiple correlation coefficient) A paired t-test was used on the mean 
difference of paired measurements A t-test was performed to compare groups Signifi­
cance level was set at 0 05 
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5.4 RESULTS 
Intra- and interoperator agreement 
In TR the apical view was used respectively 13, 15 and 14 times in measurement Al, A2 
and В The parasternal short-axis view was used twice in measurement Al and once in 
В In PR the parasternal short-axis view was used 30 times in both measurement Al and 
A2, 22 times in measurement В The parasternal RV outflow long-axis view was used 
respectively 14, 14 and 22 times 
None of the differences between operators reached significance, ι e no systematic 
difference was found in either TR or PR between measurement Al and A2, and 
measurement Al and В Angle corrected and uncorrected TR velocities were 2 87 ± 0 44 
m/s and 2 78 ± 0 44 m/s (measurement Al) respectively For angle corrected and 
uncorrected PR velocity 1 11 ± 0 24 m/s and 1 10 ± 0 25 m/s was found In table 5 2 the 
coefficients of reproducibility and the mean differences within and between operators are 
summarized In figure 5 1 and 5 2 plots according to Bland and Altman' for the 
interoperator agreement of angle corrected TR and PR velocity measurements are shown 
The figures show that the interoperator variability is independent of the absolute velocity 
over the range investigated Median Doppler-angle was 8 1 (0-31) degrees in TR and 0 
(0-23) degrees in PR Doppler-angle in TR was 0 degrees in 7 patients (47%) and in 4 
patients (27%) > 20 degrees In PR the angle was as 0 in 22 patients (44%) and > 20 
degrees in only 5 patients (11%) No influence of echocardiographic view or presence of 
RV volume overload on the differences between the paired measurements was found 
Accuracy 
In table 5 3 the mean of the differences and the limits of agreement of the Doppler- and 
cathetenzation-denved PA pressures are listed In figures 5 3 and 5 4 plots according to 
Bland and Altman for the differences between the methods are shown 
Angle-correction of both TR and PR velocities did not improve the agreement between 
the methods In TR the mean difference between the Doppler-denved pressure drop and 
the catheter-derived PA systolic pressure (0 41 + 16 4 mm Hg) was significantly smaller 
than the mean difference of the Doppler-denved PA systolic pressure (pressure drop + 
mean RA pressure) and the invasive PA systolic pressure (-6 1 + 16 8 mm Hg), the latter 
being statistically significant different from 0 Adding mean RA pressure to the model 
PA systolic pressure = 1 0 * Doppler pressure drop did not significantly improve the 
multiple correlation coefficient (r=0 91, SEE 15 7 mmHg) In contrast, in PR the 
accuracy of the Doppler PA pressure measurement was worser by ommitting mean RA 
pressure in the equation to obtain diastolic PA pressure The mean difference (bias) 
changed from 0 64 + 2 9 mm Hg to 8 4 + 4 4 mm Hg, which is statistically significant 
from 0 The multiple correlation coefficient of the model including RA pressure (PA 
diastolic pressure _ 0 9 * PR pressure drop + 1 0 * mean RA pressure, r=0 95, SEE 2 9 
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mm Hg) was significantly higher than that of the model without mean RA (PA diastolic 
pressure = 1 20 * PR pressure drop + 7 0, r=0 89, SEE 4 2 mm Hg) The mean of the 
differences between TR-denved and cathetenzation-denved PA systolic pressure was 
greater in mechanically ventilated patients (-13 8 + 115 mm Hg) than in spontaneously 
breathing patients ( 1 3 + 1 9 3 mm Hg) In PR no difference was present (0 64 + 2 8 mm 
Hg respectively 0 77 + 4 4 mm Hg) The limits of agreement of TR and PR were the 
same in the mechanically ventilated and the spontaneously breathing group (table 5.3) 
Table 5.2 Between and within operator agreement of TR and PR regurgitant 
velocity measurements. 
Operator A1 vs В TR PR 
coef rep (m/s) 
coef rep (mm Hg) 
mean dif (m/s) 
mean dif (mm Hg) 
Operator Al vs A2 
coef rep (m/s) 
coef rep (mm Hg) 
mean dif (m/s) 
mean dif (mm Hg) 
angle + 
0 15 
32 
0 03 
0 66 
TR 
angle + 
0 18 
4 0 
001 
021 
angle -
0 28 
59 
001 
0 23 
angle -
0 29 
60 
0 02 
0 46 
angle + 
0 19 
1 8 
-0 01 
-0 07 
PR 
angle + 
0 19 
1 9 
-0 03 
-0 21 
angle -
0 17 
1 5 
001 
0 14 
angle -
0 19 
1 9 
-0 02 
-0 15 
angle +/- with and without angle correction, coef rep · coefficient of reproducibility, 
mean dif mean difference, PR pulmonary regurgitation, TR tricuspid regurgitation 
Mean dif were not statistically significant different from 0 
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difference in Τ R velocity Im/sl 
О 2І 
c l · 
2 2 2 2 4 2 6 2B 3 3 2 3 4 3 6 3 8 4 
mean Τ R velocity (m/s) 
Figure 5.1 Differences between angle corrected systolic TR velocities measured 
by operators Λ and В are shown as a function of the mean velocity 
of measurements A and B. The mean difference and + 2 SD (das­
hed lines) are indicated. 
difference enddiastolic Ρ R velocity 
0 4 
0 5 0 7 0 9 1 1 1 3 1 5 
mean enddiastolic Ρ R velocity 
1 9 (m/s| 
Figure 5.2 Differences between angle corrected enddiastolic PR velocities 
measured by operators A and В are shown as a function of the 
mean velocity of measurements A and B. The mean difference and 
+ 2 SD (dashed lines) are indicated. 
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catheter Doppler PAPS 
mean + 2 SD ι 
mean 2 SD 
20 4 0 6 0 80 100 1 2 0 140 1 6 0 
average PAPS (mm Hg) 
Figure 5.3 Differences between catheterization-derived and TR-derived (wit­
hout angle correction) PA systolic pressure (PAPS) are shown as a 
function of the average PA pressure for both methods. The mean 
difference and + 2 SD (dashed lines) are indicated. 
catheter Doppler PAPD 
10 15 20 25 30 35 4 0 4 5 
average PAPD (mm Hg) 
Figure 5.4 Differences between catheterization-derived and PR-derived (wit­
hout angle correction) PA diastolic pressure (PAPD) are shown as a 
function of the average PA pressure for both methods. The mean 
difference and + 2 SD (dashed lines) are indicated. 
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5.5 DISCUSSION 
Intra- and interoperator agreement 
Determination of reproducibility of TR and PR velocity measurements has to our 
knowledge sparsely (TRS) or not (PR) been performed by re-measurement of the 
regurgitant velocity by two operators. In the literature on the accuracy of estimating RV 
systolic pressure and PA pressure, reproducibility is determined by re-reading the 
registered Doppler-spectra by different readers"". In clinical practice one operator will 
never perform all echocardiographic investigations, so in evaluating a measurement 
method it is essential to determine agreement between operators. In this study agreement 
between measurement Al and A2, and Al and В was high. No systematic bias between 
measurements could be found. From table 5.2 can be concluded that the estimated 
pressure will differ no more than 1.5 mmHg (PR, enddiastolic PA pressure) to 5.9 mm 
Hg (TR, systolic PA pressure) in approximately 95% of cases when repeatedly measured 
by the same or another operator. This is clinically acceptable. 
The coefficients of reproducibility reported in this study are of the same magnitude as 
the values reported by Hamer5 in TR (re-measurement data) and those reported on re­
read data" 4. Reported values of the coefficient of reproducibility vary from 4.4 (inter-
operator)' to 9.8 mm Hg (interobserver)' for TR. For PR Masuyama et al. reported a 3.4 
mm Hg coefficient of reproducibility*. From their study it is not clear whether they 
obtained this result by re-measuring or re-reading their data. Currie' and Vazquez de 
Prada4 and their co-workers reported the coefficient of variation (SD of mean difference 
divided by the mean velocity) in TR velocity re-reading measurements as being 2.8% 
and 2.6% respectively. 
Method agreement 
Several authors validated the noninvasive estimates of PA pressure by right-sided 
regurgitant velocity measurement in predominantly adult populations'2 ' 4 s f' ' ". In this 
study we examined only infants and children. We were able to compare simultaneously 
obtained Doppler and catheterization measurements in mechanically ventilated and 
spontaneously breathing patients. Further, repeated measurements were obtained. 
The limits of agreement for PA systolic pressure determination using peak TR velocity 
are considerably wider than the discrepancies reported in the literature1 2 1 4 5 ' '7. At lower 
pressures Doppler tended to overestimate PA systolic pressure. Differences between 
Doppler-derived and catheter-derived PA systolic pressures up to 40 mm Hg were found. 
At higher pressures both underestimation and overestimation can be present. Overestima-
tion might be due to inappropriate Doppler-angle correction. Underestimation might be 
caused by malalignment of the Doppler beam to the regurgitant jet. 
The limits of agreement were however the same when we used angle-corrected velocities 
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(table 5.3). Signal quality was good even in the patients in which the highest differences 
were found. 
Table 5.3 Agreement between Doppler- and catheterization-derived pulmona-
ry artery pressure 
PAPS PAPD 
angle + angle - angle + angle -
TOTAL 
mean dif (mm Hg) -8.3" -6.1" 0.4 0.7 
limits of agreement (mm Hg) -42.6-26.1 -41.8-29.6 -5.8-6.6 -5.3-6.7 
no. of measurements 42 42 30 30 
IPPV 
mean difference (mm Hg) -14.4"' -13.8"" 0.4 0.6 
limits of agreement (mm Hg) -38.3-9.4 -38.1-10.5 -5.7-6.5 -5.2-6.5 
no. of measurements 16 16 27 27 
SPONTANEOUS BREATHING 
mean difference (mm Hg) -4.5' -1.3' 0.8 0.8 
limits of agreement (mm Hg) -43.6-34.5 -41.0-38.4 -13.1-14.6 -13.1-14.6 
no. of measurements 26 26 3 3 
Angle +/- : angle corrected and uncorrected velocities, IPPV: intermittend positive 
pressure ventilation, PAPD: diastolic pulmonary artery pressure, PAPS: systolic pulmo-
nary artery pressure, PR: pulmonary regurgitation, TR: tricuspid regurgitation, * mean of 
differences significantly different in IPPV and spontaneously breathing patients, " mean 
of differences significantly different from 0 (bias). 
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In PR our results are comparable with those found by Masuyama" et al and Stevensson7 
reporting a SEE of 4 0 and 4 5 mmHg respectively Thus, using PR velocity measure-
ments PA diastolic pressure can be accurately and noninvasively estimated Raffoul" and 
co-workers described a method of PA systolic pressure estimation by using the proto-
and telediastolic PR velocity comparing very well with systolic PA pressure obtained 
with TR velocity measurement In our study however, we often were not able to register 
the protodiastolic part of the Doppler velocity curve 
Effect of right atrial pressure on accuracy 
Theoretically RA pressure must be added to the Doppler derived pressure difference to 
obtain pulmonary arterial pressure To get a real noninvasive determination of PA 
pressure, RA pressure needs also to be measured noninvasively Several methods have 
been used to overcome this problem such as measuring central venous pressure by neck 
vein distension' ', making an assumption of atrial pressure (eg 0 or 5 mm Hg)1 ! \ using 
regression equations' or using the echo-derived collapsability index of the inferior cavai 
vein14 '5 We investigated wheter it is necessary at all to add RA pressure to the Doppler-
denved pressure drop Comparing the TR velocity derived pressure difference with 
invasive PA systolic pressure unexpectedly improved overall accuracy in this study as 
shown by the decreasing mean difference The limits of agreement, however, were 
equally too wide Adding mean RA pressure into the regression model did not improve 
the multiple correlation in TR In PR the deviation between the PA to RV pressure drop 
and invasive PA diastolic pressure was significantly greater than 0, so RA pressure 
cannot be deleted as it led to the introduction of significant bias and wider limits of 
agreement Adding of mean RA pressure into the regression model significantly 
improved the multiple correlation 
Thus, only for an accurate diastolic PA pressure estimation adding of mean RA pressure 
to the Doppler derived pressure difference is necessary 
Effect of Doppler angle correction 
According to the Doppler equation the Doppler-angle is an important factor in computing 
the flow velocity It has been stated that an angle smaller than 20 degrees does not really 
influence velocity measurement" and that once a high pitched audiosignal and a well 
defined spectral border has been found the angle can be assumed to be minimal' As we 
found a better agreement within and between operators in angle corrected TR velocity 
measurements compared to uncorrected velocity measurements as shown by the lower 
coefficients of reproducibility, angle correction should be performed, especially in angles 
> 20 degrees No difference in agreement was found between uncorrected and angle 
corrected PR velocity data since Doppler-angle was mostly 0 degrees or < 20 degrees In 
this study angle correction did not provide a more accurate PA pressure estimation By 
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minor angulations of the transducer the Doppler beam could be well aligned with the 
regurgitant jet. A Doppler angle < 20 degrees could be obtained in most measurements. 
Hamer5 et al. found no correlation between estimated and invasively measured RV 
pressure using uncorrected TR velocities in adult patients with a moderately elevated RV 
pressure. Using angle-corrected PR velocity Masuyama" and co-workers found a better 
correlation of Doppler determined enddiastolic PA to RV pressure gradient with catheter 
measurement. In PA diastolic pressure estimation the correlation was equal in angle 
corrected and uncorrected velocities. Because they were not able to use color-coded 
Doppler, they assumed the direction of the regurgitant flow to be perpendicular to the 
diastolic cross-sectional echocardiography image of the pulmonary valve cusps, which in 
most cases but not all holds true. Using angle corrected velocities care should be taken 
not to overestimate Doppler-angle and thus overestimating the calculated pressure 
difference. Further, it has to be kept in mind that angle correction only corrects for 
angles in the cross-sectional plane and no correction will be made for angles in the 
perpendicular plane. 
Effects of respiration 
During normal respiration, variation in Doppler flow velocity is caused by the physiolo-
gical effects of respiration and movement of the heart relative to the sample volume. 
Reproducibility of velocity and Doppler-angle measurements will be diminished when 
respiratory cycle changes are being disregarded17, as we did. Despite this, the reproduci-
bility of both uncorrected and angle-corrected regurgitant velocity measurements was 
clinically acceptable. 
The intrathoracic pressure swings and their effect on the circulation are greater and 
reversed in mechanical intermittend positive pressure ventilation. The magnitude of 
overestimating systolic PA pressure by TR velocity measurement was greater in 
measurements during mechanical ventilation. In diastolic PA pressure determination no 
such difference was found, although the effects of changes in intrathoracic pressures due 
to mechanical ventilation are assumed to be higher in diastolic low velocity events. There 
is a tendency for Doppler signals of PR to be better imaged during (spontaneous) 
inspiration", but PR velocity is higher at end-expiration due to a greater PA to RV 
pressure gradient12. As we selected non-consecutive beats with highest velocity, we might 
have already standardized the PR velocity measurement for respiratory phase by choosing 
only end-expiratory beats during spontaneously breathing and mechanical ventilation. It 
seems that standardization of velocity measurements for respiratory phase is important 
especially in TR velocity measurements in order to obtain more accurate PA pressure 
estimates. Beat-to-beat synchronized registration of Doppler determined pressures, 
invasive pressure waves and respiration phase would allow investigation of the effects of 
respiratory phase on the accuracy of the Doppler pressure measurement. 
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Conclusion 
Intra- and interoperator agreement of TR and PR velocity measurement by combined 
color-coded and continuous-wave Doppler are well within clinically acceptable limits in 
infants and children. In TR but not in PR velocity measurements, operator reproducibility 
can be improved by correcting velocity for Doppler-angle. 
The limits of agreement of noninvasive estimation of systolic PA pressure using TR 
measurement, especially in mechanically ventilated infants and children are so wide that 
accurate PA systolic pressure estimation using combined color-coded and continuous-
wave Doppler echocardiography is prevented. Noninvasive diastolic PA pressure 
estimation by PR velocity measurement however is highly accurate. 
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6.1 ABSTRACT 
Objective This prospective study determines reproducibility of measurements derived 
from the pulmonary arterial (PA) blood flow velocity profile in infants and children with 
congenital heart disease by performance of the Doppler echocardiographic examination 
by different echocardiographers Additionally, the effect of respiration on reproducibility 
is investigated Methods In group I consisting of 44 consecutive patients (aged 0 1 to 
16 2 years) admitted for echocardiography, the PA blood flow velocity profile was 
independently determined by 2 equally experienced echocardiographers To obtain ïntra-
operator variability, one performed the examination again In 38 mechanical ventilated 
patients (aged 0 2 to 15 6 years) PA blood flow velocity was examined twice by the 
same echocardiographerto investigate the effects of respiration on reproducibility (group 
II) Results In both groups no systematic difference between examinations could be 
shown for all Doppler measurements In group I the absolute percentage difference 
between echocardiographers ranged from 6 0% to 26 4% Maximal acceleration and 
deceleration were least reproducible In group II, the absolute percentage difference 
between successive PA bloodflow velocity profile determinations ranged from 9 2% to 
28 6% No significant difference in reproducibility between respiratory phases was 
present for all Doppler measurements Reproducibility was best in end-expiratory beats 
Conclusions reproducibhty of measurements derived from the PA blood flow velocity 
profile is low and might explain the conflicting results in noninvasive PA pressure 
determination To overcome effects of respiration, selection of end-expiratory beats is 
reccommended 
130 
Reproducibility of PA velocity measurements 
6.2 INTRODUCTION 
Studies concerning the noninvasive estimation of PA pressure using changes in the 
Doppler determined PA blood flow velocity profile have conflicting results' 2 3 4 s 6 
1
. Some studies report a reasonable accuracy, while others report the inaccuracy to be 
too great to use this method of noninvasive PA pressure estimation in clinical practice. 
Nevertheless, parameters derived from the PA blood flow velocity profile have been used 
in the evaluation of congenital heart disease' 2 3 A 5 6 7, idiopathic pulmonary 
hypertension8, hyaline membrane disease9 and pneumonia10. The accuracy of a 
measurement method depends partly on its reproducibility when repeatedly performed by 
different operators". It has clearly been demonstrated that the position of the Doppler 
sampling site and transducer or beam angulation influence the magnitude of the derived 
parameters'2 '3. In addition, limits of reproducibility are of great importance in 
appreciating serial changes in noninvasive estimations of PA pressure. 
The aim of this investigation is to determine the between and within operator agreement 
of measurements derived from the pulmonary blood flow velocity profile in infants and 
children with congenital heart disease. Also the effect of respiration on the within 
operator agreement has been investigated. 
6.3 PATIENTS AND METHODS 
Two groups of patients have been studied. Group I patients were investigated at the 
pediatric cardiology outpatient clinic. Group II patients were studied during mechanical 
ventilation at the cardiac catheterization laboratory in order to determine the effect of 
respiration on within operator agreement. Excluded from this study were children with 
transposition of the great arteries, PDA or RV outflow tract obstruction. 
Group I consisted of 44 consecutive pediatric patients admitted for echocardiography, 
aged 0.1 to 16.2 years (mean + SD: 8.4 + 4.7). Individual diagnoses are listed in table 
6.1. All patients had sinus rythm, 2 had complete right bundle branch block. A left-to-
right shunt was present in 8 children. An elevated PA pressure was suspected in 3 
children based on physical, electrocardiographic or echocardiographic criteria. 
Group II was composed of 38 patients admitted for diagnostic or interventional cardiac 
catheterization, aged 0.2 to 15.6 years (mean + SD: 6.4 + 4.9). Diagnoses are listed in 
table 6.1. The average mean PA pressure was 20.1 + 8.2 mm Hg (range 10 to 46 mm 
Hg). Pulmonary hypertension, defined as mean PA > 20 mm Hg or systolic PA pressure 
> 30 mm Hg, was present in 15 children. A left-to-right shunt was present in 23 
children. Right bundle branch block was present in 3 children. 
Doppler-echocardiography 
For the measurement of the between operator agreement (group Γ) the pulmonary blood 
flow velocity was independently determined by 2 equally experienced operators (A and 
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В). First operator A (measurement Al) and approximately 15 minutes later operator В 
(measurement B) performed the measurement. To obtain within operator agreement, 
operator A (measurement A2) again performed the measurement. In the study of group 
II only operator A performed 2 measurements (measurement Al and A2). 
After visualizing the PA and pulmonary valve using 2-dimensional echocardiography 
(Toshiba SSH 65A, 3.75 MHz transducer, Toshiba Mediacal Systems, Tokyo, Japan) 
from the parasternal short-axis view, the sample volume (length 3 mm) was placed in the 
middle of the main PA approximately 1 cm distal of the pulmonary valve. The 
appropriate pulse repetition frequency and zero-line level were chosen to obtain signals 
without aliasing. Doppler frequency components < 400 Hz were eleminated. The Doppler 
flow velocity waves and a lead II ECG were recorded on VHS videotape for off-line 
analysis. 
Table 6.1 Individual diagnoses 
Diagnosis 
Ventricular septal defect 
Atrial septal defect 
Aortic valve stenosis 
Aortic coarctation 
Atrioventricular septal defect 
Marfan 
Other 
Normal 
Total 
Group I 
5 
3 
14 
2 
3 
4 
2 
11 
44 
Group II 
14 
7 
5 
4 
3 
0 
4 
1 
38 
Cardiac catheterization 
In group II, cardiac catheterization was performed in general anaesthesia and with 
mechanical ventilation. Standard fluid-filled catheters connected to strain gauge 
transducers were used to obtain pressure. Measurement Al was done with the distal end 
of the catheter in the main PA. In measurement A2 the catheter was in the RV. 
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Data-analysis 
Respiration curve 
A respiration curve was computed using the changes in the PA or RV pressure signals 
due to respiration From all recorded beats, an average pressure wave was calculated 
Subtraction of the average curve from the pressure curve of each individual heart beat 
gives the pressure change due to respiration from which a respiration curve was 
constructed Each beat was classified as being inspiratory, expiratory, end-expiratory or 
end-inspiratory by determining the respiratory phase of its beginning and its ending 
Beats having both beginning and ending in inspiration or expiration were classified 
inspiratory or expiratory, respectively Beats beginning in expiration and ending in 
inspiration were classified as end-expiratory Those starting during inspiration and ending 
during expiration were called end-inspiratory beats 
Doppler velocity curves 
Off-line analysis by tracing the highest discernable velocities using a digitizing tablet 
was performed by one investigator (AVD) In group I, 5 random cardiac cycles, 
irrespective of respiration phase, were evaluated for each measurement In group II both 
Doppler velocity curves and pressure signals were recorded for a 20 second period The 
pulmonary blood flow velocity waves of the first 6 consecutive beats were evaluated 
irrespective of respiration phase For each of the four respiration phases, the first beat 
was analysed 
The digitized velocity waves were analyzed to obtain PEP, AT, DT, ET, peak (systolic) 
velocity, the maximal and mean acceleration, and the maximal and mean deceleration 
To determine the maximal acceleration and deceleration, at first a 2nd order polynomial 
function was fitted on the acceleration and the deceleration part of the digitized waves 
and the maxima of the first derivative were calculated being equal to the maximal 
acceleration and deceleration respectively Mean acceleration and mean deceleration were 
calculated by division of maximal velocity by AT and DT For each variable median 
values were calculated and used in statistical analysis 
Statistical analysis 
Data are presented as mean + SD The mean of differences between measurement A1 
and A2 respectively Al and В were calculated The percentage absolute difference 
between examiners was computed by division of the absolute value of the differences 
between operators by the average of operators multiplied by 100% 
\A.-AA 
- ! - ! — — * 100% 
CV¿2)/2 
133 
к. 
о 
о. 
о 
e 
и 
cu 
£ 
tu 
.о 
α 
(Л 
+ 1 
с 
О) 
я 
с 
о. 
3 
я 
•а 
с 
я 
Q 
ел 
+ 1 
СЛ 
и 
с 
о 
я 
к-
υ 
а. 
О 
с 
я 
си 
ε 
„ 
а* 
ω 
я 
к. 
> 
·< 
•«ч 
§• 
^ 
6« 
ЧО 
Έ 
я 
ί­
α 
U СЛ 
00 и + 1 
Д й D 
S o i 
и и 1* 
ss •§ £ 
Ω 
СЛ 
¿ι 
(Ν 
я -а 
0Q 
1 
_ 
< 
к-
О 
4—· 
я 
к* 
ω 
а . 
О 
о 
> 
< 
<υ 
0Û 
я 
с cu 
о 
к« 
υ 
0 . 
с 
я 
cu 
S 
ω 
at) 
я 
к-
ω 
> 
< 
я 
< 
ω 
J3 
о 
СЛ 
X ) 
я 
Q 
СЛ 
' 
υ 
с 
υ 
кч 
с^-
тз 
CD 
TD 
С 
Я 
< 
Q 
СЛ 
+ 1 
ω' 
с 1> 
к-
tu 
-5 
ε 
я 
кя 
я 
а. 
оо 
с/0 
+ 1 
О 
чо 
го 
en 
~— 
+ 1 (Ν 
оо 
—' 
Γ ­
Ι/Ο 
г — 
+ 1 
Оч 
О 
(Ν 
о 
о 
+ 1 
о 
о 
Г О 
оо 
о 
го 
го 
+ 1 
с/0 
о 
О Ζ 
ЧО 
</0 
+ 1 
о 
чо 
m 
+ 1 
Ol 
о 
(Ν 
оо 
г-
Оч 
оо 
Ή 
о 
00 
чо 
Г ) 
(Ν 
го 
+ 1 
чо 
о 
го 
'—' 
+ 1 
0 0 
(Ν 
ГМ 
ОО 
« 
+ 1 
чо 
ЧО 
(Ν 
^ 
+ 1 
0 0 
Оч 
О 
ЧО 
+ 1 
оо 
•Ч-
1-­
ГО 
tN 
+ 1 
ЧО 
О 
Оч 
0 0 
+ 1 
о 
оо 
<Ч 
•^  
(Ν 
+ 1 (Ν 
ГО 
О 
OS 
m 
го 
+ 1 
* — • 
г-
о 
ГО 
+Ί (N 
(N 
+ 1 
ЧО 
— -ч-
(N 40 
+ 1 
ЧО 
о 
о 
+ 1 
о 
о 
(Ν 
го 
+ 1 
ЧО 
СП 
О 
ЧО 
Γ­
Ι/0 
+ 1 
ГО 
•ч-
о 
ГО 
+ 1 
О 
00 
г-
о 
+ 1 
гч 
о 
о 
Оч 
— — ГО 
— ч о ОЧ 
ЧО 
ГО 
— ι КО 
— — 0 0 
-ri +1 +1 
Оч 00 Г-(Ν — ЧО 
Ì 
>, 
Ö 
о 
ω 
> 
я 
ε 
X 
га S 
с 
о 
я 
к« cu 
cu 
о 
cj 
я 
"я 
E 
я 
я 
s 
E 
с 
о 
*-» 
я 
кя 
¿а cu 
о 
υ 
я 
с 
я 
υ 
S 
с 
о 
я 
кч 
<υ 
cu 
и 
tu 
ТЭ 
"я 
ε 
я 
я 
s 
ε. 
с 
о 
я 
кя 
cu 
о CU 
Ό 
с 
я 
ω 
2 
(Л 
Е, 
<1> 
ε 
С 
о 
о 
о 
57 
Í) 
к. 
а. 
с 
о 
ω 
+ і 
(Ν 
го 
+ 1 
CU 
ε 
с 
о 
+ 1 
Оч 
Оч "О ^Г О 
00 го ГО О 
-^ - го — (Ν 
(Ν 
ОЧ 
-ri 
Оч 
ОЧ 
TJ- О г - г— 
ГчІ ГО (Ν) ( Ν 
+1 +1 +1 +1 
— — — оо 
о 
Оч 
ГО 
ГО 
го 
(Ν 
го 
~ 
1 1 
о CN 
я 
к* 
cu 
cu 
о 
CU 
Q 
Reproducibility of PA velocity measurements 
A paired t-test was used on the mean difference of paired measurements (A1-A2 and Al-
B) to test the hypothesis that the difference between measurements equals zero To 
compare the percentage absolute difference for each respiration phase the Wilcoxon test 
was used Significance level was set at 0 05 
6.4 RESULTS 
group I 
The mean of differences, the average and the percentage absolute difference for the 
Doppler parameters are summarized in table 6 2 No systematic bias in both interoperator 
and intraoperator measurements could be demonstrated 
group II 
In table 6 3 the average of the Doppler variables, the mean difference + SD between the 
measurements Al and A2 and the percentage absolute difference are presented No 
systematic bias within the operator was present The percentage absolute difference of 
the Doppler variables by respiratory phase showed that within operator agreement was 
best in expiration (table 6 4), although no significant difference was present 
Table 6.3 Average, mean of differences and absolute percentage difference 
between measurements Al and A2 in group II 
Parameter 
Maximal velocity (m/s) 
Maximal acceleration (m/s2) 
Mean acceleration (m/s2) 
Maximal deceleration (m/s2) 
Mean deceleration (m/s2) 
Ejection time (ms) 
Acceleration time (ms) 
Deceleration time (ms) 
Average 
0 93 
145 
75 
85 
4 1 
361 
132 
227 
Mean 
difference+SD 
0 01+0 11 
-0 03+4 59 
0 30+1 47 
0 06+2 15 
-0 06+0 69 
-1 + 19 
-3+18 
2+21 
Percentage 
absolute 
difference+SD 
114+7 8 
28 6+23 2 
16 9+13 1 
26 9+22 9 
13 7+13 0 
5 5+4 5 
11 0+10 8 
9 2+9 6 
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6.5 DISCUSSION 
Variability in measurements can be caused by physiological variation such as beat-to-beat 
and day-to-day variation, but can also be due to variation by the person who performs or 
reads the measurement In echocardiography even the type of transducer used for the 
measurement can introduce variability In this study we investigated operator 
variability The reproducibility of parameters used in the noninvasive determination of 
PA pressure or PVR has not been investigated thoroughly As the proper placement of 
the sample volume in the middle of the PA is important in the pulsed-wave Doppler 
determination of the PA blood flow velocity profiles, the reproducibility needs not only 
to be determined by re-reading already registered Doppler spectra, but also by 
reperforming the echocardiographic examination by the same and another operator It has 
been shown11 '2 l5 that the peak velocity and AT derived from the Doppler spectra 
significantly changes when the sample-volume was placed at slightly different places 
The spatial blood flow velocity profile in the main PA is not exactly flat as previously 
was assumed'6 The broad central flow is shifted slightly to the left valve leaflet 
throughout systole and has velocity maxima near the wall during peak systole and 
deceleration '7 '8 '9 Thus, little change in the position of the relatively small sample-
volume can cause the Doppler velocity profile and its derived parameters to alter 
To minimize effects of spontaneous variation measurements were performed in clinically 
stable patients shortly after each other The presence of intra- and interoperator 
variability in gioup I is mainly due to inaccuracy in sample-volume placement and to 
different transducer angulation by the operators A part of the variability will be caused 
by intraobserver variability in manually tracing the Doppler spectra and by variability 
caused by effects of respiration and beat-to-beat variability In this study, no systematic 
difference between 2 operators could be demonstrated The intraobserver agreement was 
better than the interoperator agreement for all parameters The maximal velocity and ET 
measurement were well reproducible In contrast, the measurement of the other 
parameters was less well, but still reasonably reproducible as the percent absolute 
differences within and between operators ranged from 5% to 26% (table 6 2) It is clear 
that the variability caused by the operator is greater than that caused by the 
remeasurement of already registered Doppler spectra 
In the literature various reports concerning variability in echocardiographic measurements 
have been published20 For PA blood flow velocity parameters sparse data concerning 
inter- and intraoperator variability are present In adults, the mean absolute percentage 
intraobserver difference for PA AT has been reported to be 7 3 + 6 7% 21 Interobserver 
variability was 8 8 + 6 5% in the same study21 In pregnant women, the intraobserver and 
temporal (1 month) coefficient of variability for PA AT were 5% and 8%, 
respectively2' For PA ET these coefficients were 3% and 5% 
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Table 6.4 The mean percentage absolute difference by respiratory phase in 
group II 
Respiration phase 
parameter inspiration end-inspiration expiration end-expiration 
maximum velocity (m/s) 8.7+5.7 10.2+6.5 11.1+7.3 10.2+6.7 
maximal acceleration (m/s2) 32.0+23.1 
mean acceleration (m/s2) 15.3+12.0 
maximal deceleration (m/s2) 42.0+33.5 
mean deceleration (m/s2) 17.7+22.1 
32.9+38.9 29.3+24.9 25.7+21.2 
16.3+13.4 18.9+16.0 15.9+14.8 
30.8+21.8 27.0+26.7 29.0+24.0 
15.9+17.6 14.2+10.9 13.3+10.9 
acceleration time (ms) 13.2+10.0 
deceleration time (ms) 14.1+21.2 
ejection time (ms) 10.3+17.6 
12.2+10.9 13.9+12.0 12.2+11.1 
11.3+17.2 9.4+7.9 10.2+9.2 
7.2+13.8 6.0+6.0 5.8+4.8 
Reading variability of aortic blood flow velocity derived parameters expressed as the 
relative positive percent has been reported to be 2-8 % for intraobserver variability and 
4-17% for interobserver variability23. Aortic AT had the highest percentage difference 
between observers (17 + 9%). In the same study, day-to-day variability ranged from 4-
7%. In another study2,1 of aortic blood flow velocity parameters, by the same 
investigators, the interoperator mean difference of AT and mean acceleration were 9.4 + 
10.2% and 11.5 + 10.1%. The DT and mean deceleration differed by 9.5 + 9.6% and 9.6 
+ 10.1%. Thus aortic acceleration and deceleration measurements demonstrated relatively 
wide variability. The results of PA blood flow velocity measurements in our study of 
children with congenital heart disease are in concordance to these results for aortic blood 
flow velocity measurements in normal adults. 
During both normal respiration and mechanical ventilation, variation in Doppler flow 
velocity is caused by the physiological effects of respiration and movement of the heart 
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relative to the sample volume. To our best knowledge no studies were performed in the 
pediatric age group during mechanical ventilation. In group Π we were able to 
investigate variability due to mechanical ventilation. Intrathoracic pressure changes 
leading to altered RV loading conditions and stroke volume are a source of substantial 
variation in the pulmonary blood flow velocity parameters studied. Operator variability is 
not only influenced by the respiratory movements due to changes in sample volume 
position, changes in image quality but also as a consequence of different hemodynamic 
effects in each respiratory phase. To overcome effects of respiration selection of 
measurements by respiratory phase is recommended. As operator variability during 
mechanical ventilation was least in expiration, selection of end-expiratory measurements 
is necessary. 
The presence of a rather wide variability in the measurement of pulmonary blood flow 
velocity parameters might explain the conflicting results of noninvasive determination of 
PA pressure using these parameters. Rather large differences are required to denote 
significant changes in the measurement of PA bloodflow velocity parameters in children 
with congenital heart disease. 
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7.1 ABSTRACT 
Noninvasive determination of pulmonary hemodynamics is important for the management 
of congential heart disease complicated by pulmonary hypertension Flow deceleration is 
less influenced by RV function and would allow more accurate estimation of pulmonary 
hemodynamics than acceleration Respiratory influences on pulmonary bloodflow are 
exaggerated by mechanical ventilation Doppler derived PA bloodflow velocity 
characteristics were, therefore, compared with other pulmonary hemodynamic parameters 
in 42 mechanically ventilated children, aged 0 2 to 16 5 years (mean+SD 6 7+4 9) 
Mean PA pressure ranged from 10 9 to 46 7 mmHg (20 7+8 6 mmHg) Pulmonary 
hypertension was present in 14 Significant differences were found between patients with 
and without pulmonary hypertension maximal velocity (1033+0 220 vs 0 877+0 176 
m/s), AT (119+39 vs 136+29 ms), maximal acceleration (17 6+6 4 vs 13 1+4 0 m/s2), 
mean acceleration (9 3+2 6 vs 6 7+2 0 m/s2) and mean deceleration (4 5+1 0 vs 3 8+0 8 
m/s2) In contrast to our hypothesis, of the deceleration-phase derived parameters only 
maximal deceleration correlated with PA pressure Acceleration parameters showed 
closer relationships with PA pressures, but correlations were generally low and did not 
permit for accurate prediction of PA pressure (SEE 5-11 mmHg), PVR (1 14 Units) or 
PA driving force (7 mm Hg) Additional analysis taking respiratory phase into account 
did not improve correlations Measurement of mean acceleration, maximal deceleration 
and rate-corrected PEP, permitted for accurate discrimination between the presence or 
absence of pulmonary hypertension with positive and negative predictive values being 
92% and 90% 
In mechanically ventilated children having congenital heart disease, accurate noninvasive 
PA pressure assessment is not possible Accurate predictions for the presence of 
pulmonary hypertension can be made by measurement of both acceleration and 
deceleration parameters 
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7.2 INTRODUCTION 
Noninvasive determination of PA pressure and PVR is a challenge, especially in the 
practice of pediatric cardiology. Many investigations concerning this topic have already 
been published, including studies involving the accurracy of Doppler echocardiographic 
determination of PA pressure by measurement of regurgitant flow velocity in TR' 2 and 
PR3, the shunt flow velocity across a VSD"1 s 6 or PDA7 and the systolic velocity 
profile in the RV outflow tract8 " l 0 " or main PA " l 2 13 и 15 16 17 '8 " . 
Of the latter method, the acceleration-phase parameters have been thoroughly 
investigated with conflicting results. 
It is neccesary to investigate the deceleration part of the PA Doppler velocity wave, 
because the resistance to flow in elevated PA pressure is not only changed during 
acceleration, but also during deceleration. Moreover, clear changes have been described 
in the deceleration part in pulmonary hypertensive patients20. In contrast to acceleration, 
the deceleration-phase is less influenced by RV systolic function. Deceleration-phase 
derived parameters would therefore be more dependent on the characteristics of the 
pulmonary vascular bed and might allow more accurate PVR and PA pressure estimation. 
Knowledge of PA pressure or PVR is essential in the care of patients with congenital 
heart disease, who are often mechanically ventilated during operative and postoperative 
care. Respiratory mediated changes of intrathoracic pressure influence pulmonary 
bloodflow. Due to respiratory related sample-volume position changes, Doppler 
determined bloodflow velocity parameters are influenced21 22. As, in addition, 
intermittent positive pressure ventilation has more pronounced and opposite effects on 
PA bloodflow than spontaneous respiration, the accuracy of noninvasive estimation of 
PA pressure using Doppler determined pulmonary bloodflow velocity has to be 
investigated in mechanically ventilated patients. 
The aim of this study is to determine the feasibility of using acceleration and 
deceleration-phase velocity characteristics in mechanically ventilated children with 
congenital heart disease. 
7.3 SUBJECTS AND METHODS 
Patients 
Forty-two pediatric patients, aged 0.2 to 15.6 years (mean + SD: 6.7 + 4.9) were 
included in the study and underwent diagnostic cardiac catheterization for evaluation of 
congenital heart disease. Written informed consent by the parents was obtained in all 
patients. The study has been approved by the local commitee on human experimental 
research. Excluded from the study were patients with transposition of the great arteries, 
PDA or RV outflow obstruction (pressure difference > 15 mmHg). 
Individual diagnoses are listed in table 7.1. Aortic valve balloonvalvuloplasty was 
subsequently performed in 3 children and dilatation of a re-coarctation of the aorta was 
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Table 
PNR 
7.1 Age, 
AGE 
pulmonary hemodynamics and d 
PAPS ΡΛΡΜ PAPD PVRI 
¡agnosis of 
Diagnosis 
participating patients 
c002 
c003 
c004 
c005 
c006 
c007 
c008 
cOlO 
cOll 
c012 
c013 
c014 
c015 
cOI6 
c017 
c018 
c019 
c020 
c021 
c023 
c024 
c026 
c027 
c028 
c029 
сОЗО 
сОЗІ 
c032 
сОЗЗ 
e035 
c036 
c037 
c038 
c039 
c040 
c041 
c042 
c043 
c044 
c046 
c047 
C048 
44 
1 4 
139 
5 1 
11 4 
105 
05 
50 
95 
02 
3 9 
3 5 
156 
104 
33 
09 
1 0 
86 
24 
06 
87 
13 1 
13 7 
4 9 
1 6 
130 
09 
23 
33 
9 1 
70 
14 1 
11 4 
85 
13 4 
4 1 
33 
78 
109 
2 0 
14 8 
24 
22 
19 
62 
39 
19 
25 
48 
53 
27 
69 
24 
22 
23 
32 
22 
25 
43 
23 
22 
54 
27 
27 
31 
21 
17 
23 
19 
69 
25 
29 
25 
50 
24 
22 
29 
17 
19 
29 
25 
28 
24 
26 
13 
15 
37 
29 
15 
21 
33 
36 
18 
47 
18 
17 
12 
18 
16 
20 
30 
15 
16 
32 
17 
14 
22 
II 
II 
15 
13 
44 
15 
22 
19 
26 
19 
18 
19 
14 
14 
18 
19 
21 
18 
21 
9 
11 
21 
21 
11 
17 
23 
23 
12 
33 
II 
11 
6 
10 
12 
17 
22 
9 
9 
14 
9 
6 
15 
5 
7 
11 
9 
24 
10 
16 
14 
12 
14 
13 
15 
11 
12 
9 
13 
15 
13 
16 
0 43 
0 47 
-
0 96 
1 58 
1 21 
3 07 
1 61 
102 
3 19 
1 10 
0 76 
0 58 
0 58 
0 89 
3 19 
5 24 
1 06 
-
2 47 
3 85 
0 43 
2 14 
2 93 
0 13 
1 24 
1 55 
2 98 
0 40 
0 36 
0 62 
3 99 
2 09 
0 45 
1 17 
1 18 
0 60 
-
0 69 
0 98 
2 53 
1 27 
VSD 
AOS, balloon valvuloplasty 
ASD-I1, left superior cavai vein 
VSD, corr coarctation aortae 
Noonan's syndrome 
AOS. AOR. balloon valvuloplasty 
VSD 
VSD 
corr coarctation aortae, AOS 
cong pulmonary lymfangiectasia 
ASD-sinus venosus type 
corr coarctation aortae. hie AOV 
VSD 
VSD, subvalvular AOS 
ASD-II 
AOS 
ASD-I, muscular VSD 
ASD-II, corr coarctation aortae 
VSD 
VSD, ASD-II, Down's syndrome 
VSD 
ASD-II, MR 
VSD 
corrected AVSD, MR 
ASD-II, PAPVR 
VSD. coarctation aortae 
AOS 
AVSD, Down's syndrome 
AOS. AOR. balloon valvuloplasty 
VSD 
VSD 
AOS. AOR, corrected PDB 
ASD-I, MR 
ASD-I, MR 
corr AVSD, MVR 
abnormal systemic arteries 
coarctation aortae, bic AOV valve 
VSD 
VSD 
ASD-II 
corr coarctation aortae. balloon 
VSD 
AOR aortic regurgitation, AOS aortic valve stenosis, AOV aortic \alve, ASD atrial septal defect, bic bicuspid corr corrected, 
MR mitral regurgitation, MVR mitral replacement, PAPD diastolic PA pressure. PAPM mean PA pressure PAPS systolic PA 
pressure, PDB persistent ductus arteriosus, PNR patient number, PVRI indexed pulmonary vascular resistance, PAPVR partial 
abnormal pulmonary venous return, VSD ventricular septal defect 
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performed in 1 patient A left-to-right intracardiac shunt was present in 27 patients In 
those with a left-to-nght shunt the ratio of pulmonary to systemic bloodflow was 2 28 + 
1 15 (range 1 15 to 5 00) All patients were in sinus rythm, 3 had complete right bundle 
branch block (QRS-duration > 0 12 s and rSr' in lead VI) 
Echocardiography 
Doppler echocardiography measurements were performed using a commercially available 
echo-Doppler apparatus (Toshiba SSH 65A, Toshiba Medical Systems, Tokyo, Japan) 
equiped with a 3 75 MHz transducer with the possibility of performing combined 2-
dimensional echocardiography and continuous-wave or single gate pulsed-wave 
Dopplercardiography In supine position, the pulmonary valve and PA were visualized 
using standard techniques from the 2nd or 3rd left parasternal space To obtain the PA 
flow velocity wave the sample volume (length 3 mm) was carefully placed in the middle 
of the PA approximately 1 cm distal of the pulmonary valve using the appropriate pulse 
repetition frequency to avoid aliasing Doppler frequency components < 400 Hz were 
eliminated 
Cardiac catheterization 
Diagnostic right-sided cardiac catheterization was performed in the catheterization 
laboratory during steady hemodynamic state in mechanically ventilated patients All 
intracardiac pressures were measured with standard fluid filled catheters connected to a 
strain-gauge manometer (Bentley Trantec pressure transducer model 800, volume 
displacement 0 04 mmVlOO mm Hg, Irvine, CA, USA) Using a Swan-Ganz catheter the 
mean pulmonary capillary wedge pressure was determined Cardiac output was obtained 
by thermodilution in triplicate The average was used in calculations The pulmonary 
vascular driving force was computed by subtracting the mean pulmonary capillary wedge 
pressure from the mean PA pressure 
Oxygen saturations were derived from bloodsamples of all right-sided cardiac chambers, 
the PA and the superior and inferior cavai veins (Radiometer OSM-I or OSM-2, 
Radiometer, Kopenhagen, Denmark) Aortic and pulmonary venous oxygen saturation 
were obtained or were assumed to be 100% Mixed venous oxygen saturation was 
calculated from the superior (SVC) and inferior cavai vein (IVC) saturations (3SVC + 
IVC)/4 The ratio of pulmonary to systemic bloodflow and PVR were calculated using 
standard formulas23 24 The pulmonary bloodflow was calculated by multiplication of 
this ratio with the average cardiac output 
Anaesthesiology 
All children were cathetenzed under general anaesthesia All children > 1 year old were 
premedicated with midazolam 0 2 - 0 3 mg/kg Induction of anaesthesia was achieved 
147 
Chapter 7 
using methohexital 25 mg/kg in children < 20 kg and using etomidate 0 2-0 3 mg/kg ïv 
in children > 20 kg Vecuronium 0 1 mg/kg iv was used for muscular paralysis 
Continuation of anaesthesia was achieved using halothane 0 5-1 5%, N20/O2-mixture or 
propofol 0 05-0 25 mg/kg/min ι ν 
All children were mechanically ventilated using intermittent positive pressure (Siemens 
Servo 900 B/C, Erlangen, Germany) with tidal volumes of 8-10 ml/kg, mean peak 
pressures of 17 5 cm H20 and Fi02 of 0 30-0 35 No positive end-expiratory pressure 
was used The ventilatory frequency was adjusted to achieve normocapnic ventilation 
monitored by an end-expiratory pCO, 4-6 kPa (Hewlett Packard Capnometer HP47210A 
with sensor model 14360, Waltham, Mass, USA) 
Registration 
PA pressures and PA bloodflow velocity were simultaneously obtained The Doppler 
velocity waves and lead II ECG were recorded on VHS videotape with registration speed 
equal to 75 mm/sec for a 20 sec period The lead II ECG, the capnogram and the PA 
pressure were digitized and stored using an on-line computer with a sample frequency of 
200 or 300 Hz In order to synchronize the Doppler curves with the PA pressure wave, 
the ECG and the capnogram, a mark was recorded on both registrations simultaneously 
In this way a beat-to-beat synchronisation was achieved 
Data-analysis 
Electrocardiogram 
From the lead II ECG signal the onset of each QRS-complex was determined using a 
specially designed QRS detection program The obtained starting points were used for 
calculation of RR-intervals and other time referenced parameters 
Doppler velocity curves 
The Doppler velocity curves obtained in the main PA were manually digitized at the 
highest discernable velocity contour using an image processing computer program After 
visual examination of the pulmonary bloodflow velocity curves (totally more than 2000 
traces have been made) the curves were thought to be composed of three parts the 
accelerating part of the curve, the top and the decelerating part A computer algorithm 
fitted the acceleration part and the top by a second order polynomial function In some 
curves the deceleration part seemed to consist of 2 parts divided by a bending point and 
was, therefore, fitted by a third order polynomial function From the obtained functions, 
the various parameters were extracted to characterize the Doppler velocity waves (table 
7 2) The mean acceleration and mean deceleration were calculated by division of 
maximal velocity by AT or DT, respectively In order to correct for heart rate 
dependency of time-intervals, several parameters were divided by the RR-interval or by 
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the square root of the RR-interval 
Respiratory signals 
To investigate the effects of respiratory phase, ι e the respiratory intrathoracic pressure 
changes on the measurements, a respiration curve was computed using the changes in the 
PA pressure signals due to respiration From all recorded beats, an average pressure 
wave representing the average pressure change by cardiac contraction was calculated 
Subtraction of the average curve from the pressure curve of each individual heart beat 
gives the pressure change due to respiration from which a respiration curve was 
constructed Each beat was classified as being inspiratory, expiratory, end-expiratory or 
end-inspiratory by determining the respiratory phase of its beginning and its ending 
Beats having both beginning and ending in inspiration or expiration were classified 
inspiratory or expiratory, respectively Beats beginning in expiration and ending in 
inspiration were classified as end-expiratory Those starting during inspiration and ending 
during expiration were called end-inspiratory beats 
Pressure 
Because catheter movement artifacts were present, the pressure signals for each cardiac 
cycle were digitally filtered at 8 Hz with 3 dB per octave by standard fast Fourier 
transform procedures The filtered pressure waves were used in further analyses For 
each cardiac cycle, the systolic PA pressure, the diastolic PA pressure and the mean PA 
pressure were obtained Pulmonary hypertension was defined as mean PA pressure > 20 
mm Hg and/or systolic PA pressure > 30 mm Hg 
Statistical analysis 
For each measurement the median of the first 6 consecutive cardiac cycles, irrespective 
of respiratory phase, was calculated and used in statistical analysis In analyses 
concerning respiratory phase, the values of the first beat of each phase were used Data 
are presented as mean + SD To compare parameters between groups the Wilcoxon two-
sample test or one-way analysis of variance were used Pearson correlation coefficients 
were calculated to determine correlations between Doppler parameters and PA pressure, 
the pulmonary vascular driving force and PVR index Multiple linear stepwise regression 
analysis was performed with Doppler parameters and respiration phase as independent 
variables to investigate the effects of respiratory phase on pulmonary hemodynamics To 
obtain regression equations multiple stepwise regression was used with only Doppler 
parameters as independent variables Multiple stepwise linear discriminant function 
analysis was performed to investigate which Doppler parameter best discriminated 
patients with and without pulmonary hypertension A Ρ value < 0 05 was considered to 
be significant Statistical analyses were performed using either SAS or SPSS packages 
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Table 7.2 Calculation of Doppler parameters from PA flow velocity curve. 
Variable Abb Computation 
maximal velocity (m/s) 
pre-ejection period (ms) 
acceleration time (ms) 
maximal acceleration (m/s2) 
deceleration time (ms) 
maximal deceleration (m/s2) 
ejection time (ms) 
VMAX top of 2nd order function through top 
part of curve 
time from onset QRS-complex to first 
zero-point of function through 
acceleration part of curve 
time from first zero-point of function 
through acceleration part of curve to 
time of Vmax 
PEP 
AT 
AMAX the slope of function through acce-
leration part of the curve at the first 
zero-point 
DT time from time of VMAX to time of 
zero-point of 3rd order function through 
deceleration part 
DMAX the slope of 3rd order function through 
deceleration part of curve at zero point 
ET time between first zero-point of function 
through acceleration part of curve and 
zero-point of 3rd order function through 
deceleration part 
Abb abbreviations used in tables 
7.4 RESULTS 
In table 7 3 parameters are summarized according to the presence or absence of 
pulmonary hypertension No significant differences in baseline patient characteristics 
were present In pulmonary hypertension maximal velocity, maximal and mean 
acceleration were higher and AT was significantly shorter Of the deceleration 
parameters only mean deceleration was significantly higher in pulmonary hypertensive 
patients Three patients had right bundle branch block In those without and those with 
right bundle branch block, maximal velocity (0 954 + 0 185 vs 0 605 + 0 154 m/s), 
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maximal acceleration (15 0 + 53 vs 9 3 + 2 1 m/s2), mean deceleration (4 1 + 0 8 vs 2 7 
+ 03 m/s2), the rate-corrected PEP (3 09 + 0 75 vs 3 97 + 0 22 ms '') and the PEP to ET 
ratio (0 23 + 0 07 vs 0 32 + 0 01) were significantly different No significant differences 
for Doppler parameters and pulmonary hemodynamics could be found between each of 
the four respiratory phases Except for a higher maximal bloodflow velocity no 
significant difference in Doppler parameters was present in children with and without 
atrial septal defect 
Pearson correlations between Doppler parameters and PA pressure were generally low 
(table 7 4) The regression equations relating PA hemodynamics with Doppler parameters 
are listed in table 7 5 Exclusion of patients with complete right bundle branch block did 
not improve correlation of Doppler indices with PA hemodynamics 
Multiple stepwise linear discriminant analysis resulted in the following function 
3 79+0 24*maximal deceleration-0 38*meanacceleration+0 58*PEPA/(RR-interval) 
discriminating between presence (< 0) or absence (> 0) of pulmonary hypertension 
Applying the discriminant function to our patients resulted in a 91% accuracy (table 7 6) 
Sensitivity and specificity were 79% and 96%, respectively The predictive value of a 
positive test was 92% and that of a negative test 90% Classification of the 3 patients 
with right bundle branch block was correct 
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Table 7.3 Mean + SD of parameters in children with (n=14) and without 
pulmonary hypertension (n=28). 
PAPS (mm Hg) 
PAPM (mm Hg) 
PAPD (mm Hg) 
driving force (mm Hg) 
PVRI (unit) 
Qp/Qs 
VMAX (m/s) 
AT (ms) 
DT (ms) 
AMAX (m/s2) 
DMAX (m/s2) 
VMAXAT (m/s2) 
VMAXDT (m/s2) 
PEPET 
ATET 
ATRR 
PEPSQRR (ms"'') 
ATSQRR (ms Ό 
DTSQRR (ms'·) 
age (yr) 
heart rate (min"1) 
length (cm) 
weight (kg) 
ALL 
30.5 + 13.8 
20.7 + 8.6 
13.2 + 5.8 
9.2 + 8.7 
1.56 + 1.21 
1.88+ 1.20 
0.929 + 0.235 
130.3 +33.2 
230.6 + 27.3 
14.6 + 5.3 
8.6 + 2.2 
7.6 + 2.5 
4.0 + 0.9 
0.236 + 0.067 
0.357 + 0.063 
0.183 + 0.038 
3.16 + 0.76 
4.86 + 0.96 
8.72 + 1.13 
6.7 + 4.9 
88 + 22 
115.1 +33.9 
23.8 + 14.9 
with PH 
44.8 + 15.5' 
30.2 + 8.6* 
19.2 + 5.5* 
16.6+ 11.7" 
2.27 + 1.40* 
1.72 + 1.12 
1.033 +0.220* 
119.4 + 38.5' 
231.1 +29.4 
17.6 + 6.4' 
9.5 +2.6 
9.3 +2.6* 
4.5 + 1.0* 
0.222 + 0.050 
0.331 +0.073 
0.183 +0.046 
2.99 + 0.609 
4.637 + 1.193 
9.102 + 1.060 
5.7 + 5.9 
9 6 + 2 4 
105.3 +39.1 
20.5 + 16.3 
without PH 
23.3 +3.7 
16.0 + 2.5 
10.6+2.7 
5.6 + 3.0 
0.55+0.95 
2.20 + 1.34 
0.877 + 0.176 
135.8+29.3 
230.3 +26.8 
13.1 +4.0 
8.1 + 1.8 
6.7 + 2.0 
3.8 + 0.8 
0.243 + 0.074 
0.370 + 0.055 
0.184 + 0.034 
3.241 +0.823 
4.965 + 0.815 
8.528+ 1.135 
7.2 + 4.6 
84 + 20 
120.1 +30.6 
25.4 + 14.2 
AMAX:maximal acceleration, AT:acceleration time, ATET:acceleration time/ejection 
time, ATRR:acceleration time/RR-interval, ATSQFLR:acceleration time/\/RR-interval, 
DMAX:maximal deceleration, Driving force:difference of mean PA and pulmonary 
capillary wedge pressure, DT:deceleration time, DTSQRR:deceleration time/\/RR-
interval, PEPET:pre-ejection period/ejection time, PEPSQRR: pre-ejection periodA/RR-
interval, PAPD:diastolic PA pressure, PAPM:mean PA pressure, PAPS:systolic PA 
pressure, PH:pulmonary hypertension, PVRI [pulmonary vascular resistance index, 
Q /Q
s
:ratio of pulmonary to systemic bloodflow. VMAX maximal velocity, 
VMAXAT:mean acceleration, VMAXDT:mean deceleration. * p<0.05. 
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Table 7.4 Correlation coefficients between Doppler parameters and 
pulmonary hemodynamics 
VMAX 
AT 
DT 
ET 
AMAX 
DMAX 
VMAXAT 
VMAXDT 
PEPET 
ATET 
ATRR 
PEPSQRR 
ATSQRR 
DTSQRR 
PAPS 
0 36' 
-0 35 
0 03 
-0 27 
0 49" 
0 4 1 ' 
0 55" 
0 35 
-0 07 
-0 40* 
-0 23 
-0 12 
-0 35 
0 19 
PAPM 
0 25 
-041" 
-0 02 
-0 34 
0 50" 
0 36' 
0 55" 
0 28 
-0 05 
-0 44' 
-0 18 
-0 09 
-0 36" 
0 26 
PAPD 
001 
-0 45" 
-0 11 
-0 43' 
0 46' 
0 24 
0 47" 
0 08 
0 07 
-0 48" 
-0 17 
0 03 
-0 38' 
0 26 
PVR1 
0 13 
-0 32 
0 05 
-0 22 
0 30 
-0 06 
0 39* 
0 05 
0 05 
-0 35 
-0 29 
0 04 
-0 37 
0 13 
Driving force 
0 18 
-0 54" 
-0 15 
-0 53 
0 56" 
-0 26 
0 60" 
0 27 
0 04 
-0 52" 
-0 20 
-0 01 
-0 45' 
0 26 
For abbreviations see table 7 3 "p<0 01 
Table 7.5 Regression equations relating Doppler parameters to PA pressures 
Regression equation 
PAPS = 2 70 * VMAXAT + 2 02 * DMAX 
PAPM = 1 72 * VMAXAT + 1 06 * DMAX 
PAPD = 23 1 - 44 49 * ATET + 0 8 1 * DMAX 
driving force = 2 03 * VMAXAT - 6 0 
PVRI = 180 1 * VMAXAT 
R-squared 
0 40 
0 38 
0 32 
0 36 
0 15 
SEE 
11 0 mm Hg 
7 0 mm Hg 
4 8 mm Hg 
7 0 mm Hg 
1 14 Units 
For abbreviations see table 7 3 SEE standard error of the estimate 
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Table 7.6 Classification of patients using discriminant function. 
Pressure -
Pressure + 
using 
Doppler -
27 (96%) 
3 (21%) 
discriminant function 
Doppler + 
1 (4%) 
11 (79%) 
analysis 
Total 
28 (100%) 
12 (100%) 
totaal 30(71%) 12(28%) 42(100%) 
7.5 DISCUSSION 
The aim of this study was to investigate the feasibility of noninvasive determination of 
pulmonary hemodynamics in mechanically ventilated children having congenital heart 
disease by Doppler echocardiography Of the method using the systolic blood flow 
velocity in the main PA, acceleration derived parameters, such as AT and mean 
acceleration, have been thoroughly validated8 " l0 " '2 " N |S '6 '7 ls ,9 Motives to 
investigate the deceleration part of the PA bloodflow velocity were the fact that the 
resistance to flow in pulmonary hypertension is not only changed during the flow 
acceleration, but also during deceleration That deceleration-phase parameters are more 
likely dependent on PVR than on RV function is probably due to ventricular deactivation 
occunng during this part of systole Clear changes have been reported in the deceleration 
part in pulmonary hypertensive patients20 
Decrease of the pulmonary vascular compliance as a result of greater distending pressure 
and histological changes in the vascular wall, lead to higher pulse-wave velocity15 2i 
26
 This causes higher flow velocity acceleration and earlier deceleration due to earlier 
arrival of reflected waves from the peripheral pulmonary vessels26 27 In this study 
comparing, on a beat-to-beat basis, maximal deceleration, mean deceleration and DT 
with simultaneously derived pulmonary hemodynamics, both acceleration and 
deceleration increased with elevated PA pressure Maximal deceleration showed a 
significant weak correlation with PA pressures, but did not correlate with the pulmonary 
vascular driving force or PVR index In patients having pulmonary hypertension mean 
deceleration and maximal deceleration were increased, the latter not reaching statistical 
significance This study is one of the few studies to note that in addition to acceleration, 
the deceleration is faster at higher PA pressures20 The presence of left-to-right shunting 
causing elevated flow-dependent PA pressures leads to an increase of maximal PA 
bloodflow velocity at higher pressure. As a consequence, the duration of the deceleration 
phase (DT) remained the same with higher pressures despite faster deceleration The 
changes in deceleration by pulmonary hypertension, would ideally make noninvasive PA 
pressure estimation possible. Because the correlations between PA pressure and the 
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Doppler derived deceleration parameters are too low, accurate prediction of PA pressures 
is not feasible using deceleration parameters alone 
The results of this study concerning the relation of acceleration with pulmonary 
hemodynamics are in concordance with published reports In contrast to our hypothesis 
that deceleration parameters are more dependent on PVR and less influenced by RV 
systolic function than acceleration parameters, acceleration-phase derived parameters 
showed a closer relationship to PA pressures than those acquired during deceleration, 
denoting well preserved RV function in our young patients The relation of acceleration 
with PA hemodynamics is, however, not strong enough for noninvasive PA pressure 
estimation in this study This weak relation could be the result of the high variability in 
Doppler parameter measurement we recently found (unpublished data), because accuracy 
of a measurement method is partly dependent on its reproducibility28 In an effort to 
diminish the effects of beat-to-beat variability, the median of 6 consecutive cardiac 
cycles was used in statistical analysis Variability caused by mechanical ventilation might 
play a major role Respiratory phase was obtained by construction of a respiration curve 
based on the changes in PA pressure due to respiration The capnogram was not used, 
because it represents airway flow Due to the presence of different airway impedances 
between patients, a different phase-lag between capnogram and intrathoracic pressure can 
be present and thereby prevents the use of the capnogram for respiratory phase 
determination No significant difference between respiratory phases could be found for 
all Doppler parameters Furthermore, additional analysis taking respiratory phase into 
account did not improve correlations The lack of a significant contribution of respiratory 
phase to the variance in PA pressures is probably due to the very small PA pressure 
changes during respiration and the small number of patients Whether instantaneous 
changes in RV loading conditions during positive pressure ventilation influence the 
relationship between Doppler measurements and PA pressures is not clear During 
inflation the RV systolic pressure and volume increase with a marked decrease in RV 
ejection fraction29 The latter might lead to a slower generation of pressure and flow by 
the RV causing acceleration to become less On the contrary, elevation of the pulmonary 
vascular impedance by inflation would shorten and increase acceleration by pulse-wave 
reflection In this study, small but insignificant elevations of ΡΑ-pressure occured during 
inflation suggesting elevated resistance to flow during inspiration As reproducibility is 
lowest in measurements taken during expiration, it is advised to use end-expiratory heart 
beats (unpublished data) 
By determining mean acceleration, maximal deceleration and the rate-corrected PEP, 
discrimination between patients having pulmonary hypertension and patients without 
pulmonary hypertension showed a reasonably well accuracy The positive and negative 
predictive values were > 90% These rates, however, generally underestimate the true 
misclassification rates, because the discriminant function has been determined for this 
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particular study-population. For this reason and because accuracy would be lower in 
other populations, the discriminant function has to be cautiously used Accuracy in other 
populations needs still to be investigated. Nevertheless, parameters concerning both 
acceleration and deceleration, but also concerning RV function (PEP) give important 
information on the presence of pulmonary hypertension. 
Other factors than pulmonary hemodynamics influence the contour of the pulmonary 
bloodflow velocity. The Doppler derived systolic time intervals are determined by 
ventricular preload and afterload, contractility, heart rate and intracardiac conduction, but 
also by technical factors as sample-volume position. In diminished RV function AT 
could be expected to be increased14. The effect of RV contractility on AT can be offset 
by using the PEP to AT ratio in adults10, but not in infants17. That correction for heart 
rate of systolic time intervals did not result in better correlations with pulmonary 
hemodynamics is in agreement with our and other investigations13 '7, although contrasting 
results have also been reported14 ". Significant right-sided valvular regurgitation can 
influence the shape of the pulmonary flow velocity curve. AT is shortened in severe TR 
due to diminished afterload 30 31. PR similarity can cause changes in Doppler derived 
parameters by altering preload and stroke volume. Neither severe TR nor PR was present 
in our patients. Alterations in the sequence and velocity of RV depolarization occuring in 
right bundle branch block might lead to false negative predictions for the presence of 
pulmonary hypertension14. In this study 3 patients without pulmonary hypertension had 
right bundle branch block, but significant differences existed in some Doppler 
parameters. Exclusion did not improve correlation of Doppler indices with PA 
hemodynamics. Classification by the discriminant function was correct. It has been 
reported that in ASD a normal AT can be present despite the presence of elevated PA 
pressure and PVR15. Except for a higher maximal bloodflow velocity no significant 
difference in Doppler parameters including AT was present in children with and without 
ASD. 
From this study investigating the feasibility of noninvasive determination of pulmonary 
hemodynamics in mechanically ventilated children having congenital heart disease by 
analysis of the pulmonary bloodflow velocity waveform can be concluded that accuracy 
was too low for quantitative PA pressure assessment. By measurement of acceleration as 
well as deceleration Doppler parameters, however, an accurate prediction for the 
presence of pulmonary hypertension can be made. 
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Summary and conclusions 
8.1 SUMMARY AND CONCLUSIONS 
Pulmonary hemodynamics play a major role in the clinical presentation, medical and 
surgical management and prognosis of congenital cardiac defects Noninvasive determi-
nation of the PA pressure or its sequelae is necessary to plan treatment attempting to 
avoid irreversible pulmonary vascular disease, which substantially worsens prognosis 
In this thesis the feasibility, the reproducibility and accuracy of two Doppler echocardio-
graphic methods {the regurgitation method and the contour method) for noninvasive PA 
hemodynamics estimation are assessed 
8.2 SUMMARY 
Chapter 2 is an overview of the literature In this chapter features of the normal and 
diseased pulmonary circulation are described The magnitude of PA pressure not only 
depends on the state of the pulmonary vascular bed, but also on RV function PA pressu-
re and PVR are additionally influenced by the normal physiologic effects of respiration 
During mechanical ventilation any increase in lung volume above functional residual 
capacity elevates PVR 
Several methods used in the noninvasive diagnosis of pulmonary hypertension are 
described in chapter 2 3 History, physical examination, X-ray studies and the ECG are 
indicative for the presence of pulmonary hypertension, but lack specificity for definite 
decision making on management 
Different echocardiograpic modalities have been, more or less successfully, used to 
investigate the pulmonary circulation RV systolic time intervals determined by M-mode 
echocardiography correlate with PA pressure and PVR Variation of RV systolic time 
intervals (PEP/ET) by heart rate, RV function and cardiac output, however, preclude 
accurate PA pressure estimation Mid-systolic notching or closure of the pulmonary valve 
is highly specific but insensitive for the presence of pulmonary hypertension The RV 
isovolumetric relaxation time can be assessed by Doppler and M-mode echocardiography 
and lengthens with higher pressures Close correlations between estimated and invasively 
determined PA pressure have been reported, but large individual differences can exist 
Due to the relatively difficult measurement of the interval this method has not widely 
been used 
In addition to information about the type of cardiac abnormality, two-dimensional echo-
cardiography can aid in the diagnosis of pulmonary hypertension by its ability to assess 
interventricular septal configuration, PA dimensions and RV hypertrophy 
Using Doppler echocardiography to measure the regurgitant velocity in TR and PR 
{regurgitation method) or the blood flow velocity in the main PA {contour method) for 
PA pressure estimation is the subject of this thesis 
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For the regurgitation method to be used, TR or PR has to be present Its regurgitant 
velocity needs to be adequately measured by obtaining a fully developed spectral 
envelope Prevalence of TR permitting noninvasive PA pressure estimation ranges from 
6% to 87% Reports comparing Doppler-denved RV to RA pressure drop with that 
obtained during cardiac catheterization reveal high correlation coefficients (r ranging 
from 0 91 to 0 97) with SEE varying between 6 and 9 mm Hg Similar results are obtai-
ned when systolic PA pressure is compared with the Doppler pressure drop Feasibility 
of the regurgitation method in PR ranges from 25% to 98% Diastolic PA pressure can 
be calculated accurately (correlation coefficent ranging 0 92 to 0 94, SEE 3 to 4 mm 
Hg) 
The PA blood flow velocity curve, normally having a rounded appearance (U-pattern), 
changes with elevated PA pressures to a more triangular pattern (V-pattern) in which 
peak velocity is reached earlier In some cases the curve becomes notched (W-pattern) 
Average sensitivity, specificity and positive predictive value for the presence of pulmo-
nary hypertension in 193 patients cited in the literature were 0 89, 0 96 and 0 95, res-
pectively 
Doppler-denved time intervals reflect the changes in the appearance of the PA blood 
flow velocity curve and have been related to pulmonary hemodynamics AT shortens 
with elevated PA pressure due to earlier arrival of reflected waves from peripheral 
pulmonary vessels The ratio of PEP to ET positively correlates with PA pressures, but 
acceleration-phase derived parameters show best overall agreement between invasive and 
noninvasive PA pressure and PVR Large individual differences, however, can be 
present Noninvasive assessment of the reactivity of the pulmonary circulation by either 
100% oxygen breathing or tolazohne infusion are not reliable according to the literature 
Inaccuracies in PA pressure estimation are the result of effects on Doppler-denved time 
intervals unrelated to PA pressure by heart rate, sample volume position, presence of 
significant right-sided valvular regurgitation, RV function and conduction abnormalities 
Variability introduced by beat-to-beat variation, observer and operator variation and 
respiratory movements can also affect accuracy Deceleration-phase Doppler indices have 
not been thoroughly investigated in spite of being less influenced by RV function 
In chapter 3 a description of study methods and population is given In this summary 
some features will be indicated in the synopsis of the respective chapters 
Chapter 4 describes the prevalence of TR and PR in normals and patients with congeni-
tal heart defects 
In 173 normal children, aged 5-14 years, the presence of PR was defined as a red-yellow 
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or mosaic colored regugitant flow, continuing to enddiastole with continuous-wave 
Doppler Eighty-four percent (154 children) showed PR, while in 140 (81%) the Doppler 
spectrum was fully enveloped at enddiastole permitting measurement of enddiastolic 
velocity For TR to be present a systolic blue-green or mosaic colored jet from the 
tricuspid valve into the RA had to be seen TR was present in 142 children (83%) TR 
lasting >0 5 systole permitting peak velocity measurement was present in only 13 (8%) 
No relation with age, gender or the presence of a vibratory innocent heart murmur was 
present Neither audible PR or TR murmurs, nor RA or RV dilatation were present in 
these children Thus, TR and PR are often present in normal children, but are hemody-
namically unimportant 
Participants m the study concerning the prevalence of right-sided valve regurgitation in 
congenital heart disease were 272 consecutive patients, aged 0 to 20 years, admitted for 
diagnostic echocardiography TR was separated by 2 observers into 3 classes 0-no 
regurgitation, I-regurgitation, but not meeting criteria of class II, and Il-holosystolic 
regurgitation with regurgitant jet length >1 cm and well enveloped Doppler spectrum PR 
was classified similanly 0-no regurgitation, 1-regurgitation, but not meeting criteria for 
class II, including regurgitation after (partial) valvectomy, and II-holodiastolic regurgita-
tion with jet length >1 cm and well enveloped enddiastolic Doppler spectrum Class II 
regurgitation is assumed to be useful for PA pressure estimation Class II TR was 
present in 6% and TR class I or II was present in 48% Class II PR was found in 25% 
Any PR was present in 52% Children with regurgitation were older than those without 
Regurgitation permitting PA pressure determination was, therefore, relatively uncommon 
in this study reflecting the precise definition we used and the low age of patients In 
conclusion, the frequency of right-sided regurgitation in children with congenital heart 
disease and in normal children is high Regurgitation allowing PA pressure determination 
by the regurgitation method is less common implying noninvasive PA pressure estimates 
in infants and children cannot be obtained very often by this method 
In chapter 5 and chapter 6 our studies on reproducibilty of Doppler determined blood 
flow velocity measurements used in noninvasive PA pressure determination are reported 
In these studies the variability due to the performance of the Doppler echocardiographic 
examination by different echocardiographers was especially addressed in contrast to 
studies reported in literature, which predominantly report re-reading reproducibility Two 
different echocardiographers (A and B) independently performed the examination to 
obtain interoperator variability Echocardiographer A performed the measurement twice 
(Al and A2) for acquisition of intraoperator variability 
Reproducibility of right-sided valvular regurgitant velocity measurements by combined 
color-coded and continuous-wave Doppler was estimated in 44 cases with PR and 15 
with TR (class II, see chapter 4) recruited from the population studied in chapter 4 
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Between and within operators no significant systematic difference was found in either PR 
or TR velocity measurements Interoperator coefficients of reproducibility (2 SD of the 
differences between 2 consecutive measurements) were 0 19 m/s and 0 15 m/s for PR 
and TR, respectively Intraoperator reproducibility were of the same magnitude being 
0 19 m/s and 0 18 m/s for PR and TR measurements Inter- and intraoperator reproduci-
bility were improved by Doppler angle correction in TR velocity measurements only 
Thus, estimated PA pressures using the regurgitation method will differ no more than 1 5 
mm Hg (enddiastolic PA pressure) to 5 9 mm Hg (systolic PA pressure) in approximate-
ly 95% of cases due to variability resulting from the repeated measurement by the same 
or another operator From these results can be concluded that the intra- and interoperator 
agreement of PR and TR velocity measurement by combined color-coded and conti-
nuous-wave Doppler are well within clinically acceptable limits Reproducibility can be 
improved in TR but not in PR velocity measurements by Doppler angle correction 
In chapter 6 the reproducibility of Doppler measurements {contour method) for noninva-
sive PA pressure determination was studied, including the effect of mechanical ventilati-
on 
Two groups of patients with congenital heart disease were studied Group I consisted of 
44 consecutive patients admitted for diagnostic echocardiography, aged 0 1 to 16 2 years 
Group II was composed of 38 mechanically ventilated patients, aged 0 2 to 15 6 years 
undergoing cardiac catheterization under general anaesthesia In group I the echocardio-
graphy examination was performed by two examiners as described in chapter 5 One 
echocardiographer examined group II patients twice The curves were analyzed to obtain 
PEP, AT, DT, ET, peak velocity, maximal and mean deceleration and acceleration For 
both groups no systematic bias between operators could be demonstrated The intraopera-
tor agreement was better than interoperator agreement for all parameters Peak velocity 
and ET were well reproducible, while the reproducibility of other parameters were still 
reasonable as the percentage absolute differences within and between operators ranged 
from 5% to 26% Reproducibility did not significantly differ between respiratory phases 
in group II, but seemed to be better in expiration Selection of end-expiratory beats is, 
therefore, recommended 
The presence of a rather wide variability in the measurement of pulmonary blood flow 
velocity parameter might explain the conflicting result of noninvasive determination of 
PA pressure using these parameters 
In the second part of chapter 5 accuracy of the regurgitation method was studied in 23 
patients, aged 0 1 - 14 8 years, during cardiac catheterization (n= 12), or at the intensive 
care unit following heart surgery (n=8) or during vasodilator drug testing (n=3) On 42 
occasions TR derived PA systolic pressure could be compared to simultaneously derived 
164 
Summary and conclusions 
invasive PA systolic pressure Diastolic PA pressures were compared on 30 occasions 
High correlations (r>0 90) were present between noninvasively and invasively obtained 
pressures TR significantly overestimated systolic PA pressure(-6 1 + 17 7 mm Hg) with 
limits of agreement from -41 8 to 29 6 mm Hg At lower pressures Doppler tended to 
overestimate PA systolic pressure and at higher pressures Doppler either overestimated or 
underestimated systolic PA pressure During mechanical ventilation overestimation was 
greater than during spontaneous breathing 
No significant difference between Doppler diastolic PA pressure and invasive pressure 
was present Limits of agreement ranged from -5 3 to 6 5 mm Hg Adding mean right 
atrial pressure to the Doppler pressure gradient improved agreement in PA diastolic 
pressure detemination, but not in systolic PA pressure measurement Correction for 
Doppler angle did not improve agreement, because the Doppler beam could generally be 
well aligned with the regurgitant jet 
With these results it can be concluded that the limits of agreement of noninvasive 
estimation of systolic PA pressure using TR measurement in mechanically ventilated 
children are so wide that accurate PA systolic pressure estimation using combined color-
coded and continuous-wave Doppler echocardiography is prevented Noninvasive 
diastolic PA pressure estimation by PR velocity measurement is more accurate 
Whether noninvasive determination of PA pressure is feasible using deceleration-phase 
derived Doppler flow velocity characteristics in mechanically ventilated children with 
congenital heart disease was addressed in chapter 7 In 42 mechanically ventilated 
children, aged 0 2 to 16 5 years, Doppler derived PA blood flow velocity characteristics 
were compared with pulmonary hemodynamics Mean PA pressure ranged from 11 to 47 
mm Hg Pulmonary hypertension was present in 14 children In pulmonary hypertension 
peak velocity, maximal acceleration, mean acceleration and mean deceleration were 
significantly higher and AT shorter Correlations between Doppler parameters and PA 
hemodynamics were generally low In contrast to our hypothesis that deceleration-phase 
derived parameters would allow for more accurate PA pressure estimation, only maximal 
deceleration significantly correlated with systolic and mean PA pressure Acceleration 
parameters showed a closer relationship with PA hemodynamics Accurate predictions of 
PA pressure (SEE 5 to 11 mm Hg), pulmonary vascular resistance (SEE I 14 Units) and 
driving force (SEE 7 mm Hg) that obviate the need for cardiac catheterization were, 
however, not feasible Additional analysis taking respiratory phase into account did not 
result in closer correlations 
By determining mean acceleration, maximal deceleration and the rate-corrected PEP, 
discrimination between the presence and absence of pulmonary hypertension using a 
discriminant function showed a reasonably well accuracy (91%) The predictive value of 
a negative test was 90% and of a positive test 92% 
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In this study, accuracy for noninvasive quantitative PA pressure and PVR assessment was 
too low to avoid cardiac catheterization if accurate knowledge of the state of the 
pulmonary circulation is needed for the management of mechanically ventilated children 
with congenital heart defects The presence of pulmonary hypertension can be assessed 
accurately by Doppler echocardiography 
8.3 CONCLUSIONS 
The following conclusions can be drawn from this extensive study on the prevalence of 
right-sided valve regurgitation, on the reproducibility of Doppler regurgitant velocity 
measurements and Doppler indexes derived from the PA blood flow velocity curve and 
on the accuracy of both regurgitation method and contour method for noninvasive 
determination of PA hemodynamics 
1 Right-sided valvular regurgitation is highly prevalent in normal children and 
children having congenital heart disease and seems to increase with age in the 
latter 
2 PR and TR in normal children are hemodynamically unimportant and can be said 
to be a normal physiological finding 
3 PR and TR permitting noninvasive PA pressure estimation was present in 25% 
and only 6%, respectively 
4 Intraoperator and interoperator reproducibility of PR and TR velocity measure-
ments {regurgitation method) by combined color-coded and continuous-wave 
Doppler echocardiography is well within clinically acceptable limits 
5 Reproducibility of TR velocity measurement can be improved by Doppler angle 
correction 
6 The limits of agreement of noninvasive systolic PA pressure estimation using TR 
velocity measurement {regurgitation method) are, especially in mechanically 
ventilated children, so wide that accurate PA systolic pressure estimation is not 
feasible 
7 Diastolic PA pressure can be derived from PR velocity measurement with rea-
sonable accuracy 
8 Variability of Doppler parameters derived from the pulmonary blood flow velocity 
profile {contour method) is wide and might explain the conflicting results of 
noninvasive PA pressure estimation using these parameters 
9 During expiration variability is lower Selection of end-expiratory heart beats for 
the derivation of Doppler parameters is recommended in mechanically ventilated 
patients {contour method) 
10 The relationship between PA blood flow velocity curve derived Doppler indexes 
and pulmonary hemodynamics is established, but does not allow for accurate 
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noninvasive prediction of PA pressure, PVR and pulmonary vascular driving force 
in mechanically ventilated children. 
11. Physiological effects of respiration influence Doppler measurements, but selection 
of beats by respiratory phase did not improve accuracy for noninvasive determina-
tion of pulmonary hemodynamics (contour method) 
12. Accurate discrimination between the presence and absence of pulmonary hyperten-
sion is possible by determination of average acceleration, maximal deceleration 
and rate-corrected PEP of the pulmonary blood flow velocity wave. 
The results of this thesis show that in the presence of PR an accurate determination of 
the enddiastolic PA pressure is feasible in children with congenital heart disease using 
the regurgitation method. An accurate discrimination between the absence and presence 
of pulmonary hypertension can additionally be made using the contour method 
8.4 SUGGESTIONS FOR FURTHER RESEARCH 
One of the major goals in the management of children with congenital heart disease that 
can be complicated by pulmonary hypertension is the prevention of irreversible pulmona-
ry vascular disease. Essentially, this thesis investigates the abilities of echocardiography 
for diagnosing elevated PA pressure and PVR to make early intervention possible. 
Today, the development of pulmonary vascular disease can be prevented by very early 
medical or surgical intervention. 
Pulmonary hemodynamics are indirect measures of the presence of pulmonary vascular 
disease, which is not always predicted by PA pressure and PVR. 
As described in chapter 2, our knowledge of the pathogenesis and pathophysiology of 
this complication is incomplete. Much research is currently done concerning pathogenesis 
and pathophysiology of processes occuring in pulmonary vascular disease. Ideally, these 
investigations result in a marker or markers directly related to the presence and severity 
of pulmonary vascular changes and to prognosis. Noninvasive techniques to demonstrate 
these markers have to be developed. Nuclear magnetic resonance imaging and spec-
troscopy are one of the promising methods, which might make direct assessment of 
pulmonary vascular disease possible. Additionally, with nuclear resonance imaging 
pulmonary blood flow and velocity can be measured accurately. The pulmonary blood 
flow profile in the main PA, but also in smaller intrapulmonary arteries might be 
assessed. Studies on the pulmonary blood flow profile in patients with congenital heart 
disease have to be performed relating changes of the PA blood flow profile with PA 
hemodynamics and the presence of pulmonary vascular disease. Using intravascular 
ultrasound it is possible to investigate the pulmonary bloodflow and the pulmonary 
vascular wall, also in smaller intrapulmonary arteries. This technique will be a promising 
tool for research in the future. 
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Samenvatting en conclusies 
9.1 SAMENVATTING EN CONCLUSIES 
De pulmonale circulatie speelt een belangrijke rol bij de kliniek, de behandeling en de 
prognose van aangeboren hartafwijkingen Niet invasieve bepaling van de bloeddruk in 
de longslagader of van de gevolgen daarvan is noodzakelijk voor de planning van de 
behandeling, die het voorkomen van irreversibele pulmonale hypertensie en daarmee 
verbetering van de prognose als doel heeft 
In dit proefschrift worden de uitvoerbaarheid, de reproduceerbaarheid en nauwkeurigheid 
van twee Doppler echocardiografische methoden (de lekstroom methode en de contour 
methode) voor de niet invasieve bepaling van de pulmonale bloeddruk en longvaatweer-
stand onderzocht 
9.2 SAMENVATTING 
Hoofdstuk 2 is een literatuur overzicht In dit hoofdstuk zijn kenmerken van de normale 
en abnormale longcirculatie beschreven De hoogte van de pulmonale bloeddruk is niet 
alleen afhankelijk van de toestand van het pulmonale vaatbed, maar ook van de rechter 
kamer functie De pulmonale bloeddruk en longvaatweerstand worden bovendien 
beïnvloed door ademhalingseffecten Tijdens kunstmatige beademing verhoogt elke 
toename in longvolume boven de functionele residuale capaciteit de pulmonale vaatweer-
stand 
Verschillende methoden, die gebruikt worden om op niet invasieve wijze de diagnose 
pulmonale hypertensie te stellen worden beschreven in hoofdstuk 2 3 De anamnese, het 
lichamelijk onderzoek, rontgen onderzoek van de thorax en het electrocardiogram kunnen 
aanwijzingen geven voor het bestaan van pulmonale hypertensie, maar zijn niet specifiek 
genoeg om daarmee definitieve beslissingen te kunnen nemen bij de behandeling van 
aangeboren hartafwijkingen 
Verschillende echocardiografische methoden zijn, meer of minder succesvol, gebruikt om 
de longcirculatie te onderzoeken Rechter kamer systolische tijdsintervallen, bepaald met 
M-mode echocardiografie correleren met de pulmonale bloeddruk en de longvaatweer-
stand De variatie in deze systolische tijdsintervallen (PEP/ET) door de hartfrequentie, de 
rechter kamer functie en het hartminuutvolume maakt het echter onmogelijk een 
nauwkeurige schatting van de pulmonale bloeddruk te maken Midsystolische sluiting van 
de longslagaderklep heeft een hoge specificiteit, maar een lage sensitiviteit voor de 
aanwezigheid van pulmonale hypertensie De isovolumetrische relaxatie tijd van de 
rechter kamer kan worden bepaald met zowel Doppler als M-mode echocardiografie en 
wordt langer bij een hogere pulmonale bloeddruk Een goede correlatie tussen de op deze 
manier geschatte pulmonale bloeddruk en de invasief gemeten pulmonale bloeddruk 
wordt gerapporteerd, maar grote verschillen kunnen bestaan bij de individuele patient 
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Het bepalen van de isovolumetrische relaxatie tijd is lastig, zodat deze methode thans 
weinig wordt gebruikt 
Naast informatie over de anatomie van de hartafwijking kunnen m b ν twee-dimensione-
le echocardiografie gegevens worden verkregen, die bij het stellen van de diagnose 
pulmonale hypertensie kunnen helpen zoals de configuratie van het interventriculaire 
septum, de afmetingen van de longslagader en de aanwezigheid van rechter kamer 
hypertrofie 
De meting van de lekstroomsnelheid van tncuspidalisklep- (TI) en pulmonalisklepinsuffi-
cientie (PI) (lekstroom methode) en van de bloedstroomsnelheid in de longslagader 
(contour methode) met Doppler echocardiografie is het onderwerp van dit proefschrift 
De lekstroom methode kan alleen worden gebruikt als er TI of PI aanwezig is, waarvan 
de lekstroomsnelheid goed kan worden gemeten De prevalentie van TI, die gebruikt kan 
worden voor de bepaling van de pulmonale bloeddruk bedraagt 6% tot 87% Er bestaat 
een goede correlatie tussen het met Doppler bepaalde en tijdens hartcathetensatie 
gemeten drukverschil tussen rechter kamer en rechter boezem (r 0 91 tot 0 97, SEE 6 tot 
9 mm Hg) Vergelijkbare resultaten werden verkregen met de systolische pulmonale 
bloeddruk De uitvoerbaarheid van de lekstroom methode bij PI varieert van 25% tot 
98% De diastolische pulmonale bloeddruk kan nauwkeurig worden berekend (r 0 92 tot 
0 94, SEE 3 tot 4 mm Hg) 
De normale bloedstroomsnelheidscurve in de longslagader heeft een ronde vorm (U-
patroon), maar verandert als de longslagaderbloeddruk toeneemt in een driehoekige curve 
(V-patroon), waarbij de maximale bloedstroomsnelheid eerder wordt bereikt In sommige 
gevallen krijgt de curve een notch (W-patroon) De gemiddelde sensitiviteit, specificiteit 
en positief voorspellende waarde voor de aanwezigheid van pulmonale hypertensie bij 
193 patiënten genoemd in de literatuur bedroeg 0 89, 0 96 en 0 95 
Met Doppler bepaalde tijdsintervallen geven de veranderingen in de pulmonale bloed-
stroomsnelheidscurve weer en zijn gerelateerd aan veranderingen in de pulmonale 
circulatie De AT wordt korter als de pulmonale bloeddruk stijgt door een vroeger 
terugkeren van weerkaatste drukgolven vanuit de perifere longvaten De ratio van PEP 
met ET heeft een positieve correlatie met de pulmonale bloeddruk, maar met acceleratie-
fase parameters geschatte pulmonale bloeddruk en longvaatweerstand vertonen de beste 
overeenkomst met de invasief gemeten waarden Grote individuele verschillen kunnen 
echter aanwezig zijn Niet mvasieve bepaling van de reactiviteit van het longvaatbed na 
100% zuurstof ademen of Tolazoline is niet betrouwbaar volgens de literatuur 
Onnauwkeurigheden in de schatting van de pulmonale bloeddruk zijn het resultaat van 
niet aan de pulmonale bloeddruk gerelateerde effecten op de Doppler tijdsintervallen 
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door de hartfrequentie, de positie van het sample volume, de aanwezigheid van signifi-
cante rechtszijdige klepinsufficientie, de rechter kamer functie en geleidingsstoornissen 
Variabiliteit door slag-op-slag variatie, variatie geïntroduceerd door de waarnemer, 
echocardiografist en ademhaling beïnvloeden de nauwkeurigheid eveneens De decelera-
tie-fase parameters zijn nog onvoldoende onderzocht, ondanks dat zij minder beïnvloed 
worden door de rechter kamer functie 
In hoofdstuk 3 wordt een beschrijving van de gebruikte methoden en populaties 
gegeven In deze samenvatting zullen enkele gegevens worden vermeld bij de beschrij-
ving van de betreffende hoofdstukken 
Hoofdstuk 4 beschrijft de prevalentie van Tl en PI bij gezonde kinderen en bij kinderen 
met een aangeboren hartafwijking 
Bij 173 gezonde kinderen, 5 tot 14 jaar oud, werd de aanwezigheid van PI gedefinieerd 
als een rood-geel of een gemengd gekleurde bloedstroom, die tot het einde van de 
diastole duurt PI was aanwezig bij 48% (154 kinderen) Het einddiastohsch Doppler 
spectrum was goed afgrensbaar bij 140 (81%) kinderen, zodat meting van de einddiasto-
lische lekstroomsnelheid mogelijk was TI was gedefinieerd als de aanwezigheid van een 
systolische blauw-groen of gemengd gekleurde jet van de tncuspidalisklep naar de 
rechter boezem TI werd gezien bij 142 (83%) kinderen TI, die >0 5 systole duurde en 
waarbij de maximale lekstroomsnelheid meetbaar was, was aanwezig bij slechts 13 (8%) 
kinderen Er bestond geen relatie met de leeftijd, geslacht of de aanwezigheid van een 
muzikaal geruis Noch een hoorbaar PI of TI geruis noch rechter boezem of rechter 
kamer dilatatie waren aanwezig Dus, Tl en PI komen veel voor bij gezonde kinderen en 
hebben geen hemodynamische betekenis 
Deelnemers aan het onderzoek betreffende de prevalentie van rechtszijdige klepinsuffici-
entie bij kinderen met aangeboren hartafwijkingen waren 272 achtereenvolgende 
patiënten, 0 tot 20 jaar oud, die een diagnostisch echocardiogram ondergingen De 
aanwezigheid van TI werd beoordeeld door 2 waarnemers en werd ingedeeld in 3 
klassen O-geen insufficientie, I-insufficientie, echter niet voldoend aan de criteria van 
klasse II, en II-holosystolische insufficientie met een jetlengte > 1 cm met een goed 
afgrensbaar Doppler spectrum PI werd op dezelfde manier ingedeeld O-geen insuffici-
entie, I-insufficientie niet voldoend aan de criteria van klasse II, inclusief de PI na 
(partiele) valvectomie, en II-holodiastolische insufficientie met jetlengte > 1 cm en goed 
afgrensbaar einddiastohsch Doppler spectrum Bij klasse II insufficientie is niet invasieve 
drukbepaling mogelijk Klasse II TI was aanwezig bij 6% en TI klasse I of II bij 48% 
Klasse II PI werd bij 25% gevonden PI van klasse I of II werd gezien bij 52% 
Patienten met klepinsufficientie waren ouder 
Klepinsufficientie, waarbij pulmonale bloeddruk meting mogelijk is, komt derhalve 
173 
Hoofdstuk 9 
relatief weinig voor in dit onderzoek Dit weerspiegelt het gebruik van een nauwkeurige 
definitie voor klepinsufficientie en de lage leeftijd van de patiënten Concluderend is de 
prevalentie van rechtszijdige klepinsufficientie bij kinderen met een aangeboren hartaf-
wijking en normale kinderen hoog Klepinsufficienite, die niet invasieve bepaling van de 
pulmonale bloeddruk mogelijk maakt komt minder vaak voor, zodat een niet invasieve 
schatting van de pulmonale bloeddruk met de lekstroom methode bij deze patiënten niet 
vaak kan worden verkregen 
In hoofdstuk 5 en hoofdstuk 6 worden onze onderzoeken over de reproduceerbaarheid 
van bloedstroomsnelheidsmetingen, die gebruikt worden bij de niet invasieve bepaling 
van de bloeddruk in de longslagader met Doppler beschreven In deze onderzoeken werd 
speciaal de variatie, die ontstaat bij het verrichten van het echocardiografisch onderzoek 
door verschillende echocardiografisten, bepaald Dit in tegenstelling tot de gegevens uit 
de literatuur, waarbij veelal de variatie door het herhaald meten aan vastgelegde 
registraties van een onderzoek werd onderzocht Twee verschillende echocardiografisten 
(A en B) verrichtten ieder afzonderlijk het echo onderzoek om de interoperator variabili-
teit te verkrijgen Echocardiografist A herhaalde het onderzoek (meting Al en A2) om 
de intraoperator variabiliteit te bepalen 
De reproduceerbaarheid van de lekstroomsnelheid van rechtszijdige klepinsufficientie 
bepaald met gecombineerde kleuren en continuous-wave Doppler echocardiografie werd 
bepaald bij 44 patiënten met PI en 15 met TI (klasse II, zie hoofdstuk 4) Tussen en 
binnen echocardiografisten werd geen significant systematisch verschil gevonden in 
zowel de PI als TI lekstroomsnelheidsmetingen De interoperator reproduceerbaarheidsco-
efficient (2 SD van het verschil tussen 2 metingen) bedroeg 0 19 m/s bij PI en 0 15 m/s 
bij TI De intraoperator reproduceerbaarheid was van dezelfde grootte 0 19 m/s bij PI en 
0 18 m/s bij TI lekstroomsnelheidsmetingen Alleen bij de TI metingen onstond een 
verbetering van de inter- en intraoperator reproduceerbaarheid door Doppler hoek 
correctie Dus, de met de lekstroom methode geschatte pulmonale bloeddruk zal in 95 % 
van de gevallen niet meer dan 1 5 mm Hg (einddiastolische pulmonale bloeddruk) tot 5 9 
mm Hg (systolische pulmonale bloeddruk) verschillen als gevolg van herhaalde metingen 
door dezelfde of een andere echocardiografist 
Uit deze resultaten kan worden geconcludeerd dat de intra- en interoperator reproduceer-
baarheid van PI en TI lekstroomsnelheidsmetingen met gecombineerde kleuren en 
continuous-wave Doppler goed is De reproduceerbaarheid kan worden verbeterd door 
correctie voor de Doppler hoek bij de Tl metingen 
In hoofdstuk 6 worden de reproduceerbaarheid van Doppler metingen {contour methode) 
gebruikt voor de niet invasieve bepaling van de pulmonale bloeddruk en de effecten van 
kunstmatige beademing hierop bestudeerd 
174 
Samenvatting en conclusies 
Twee groepen patiënten met aangeboren hartafwijkingen werden onderzocht Groep I 
bestond uit 44 patiënten (0 1 tot 16 2 jaar), die een diagnostisch echo onderzoek 
ondergingen Groep II bevatte 38 kunstmatig beademde kinderen (0 2 tot 15 6 jaar), die 
onder algehele anaesthesie een hartcatheterisatie ondergingen Groep I werd echocardio-
grafisch onderzocht door 2 onderzoekers zoals beschreven in hoofdstuk 5 Eén onderzoe-
ker deed tweemaal een echo onderzoek bij groep II Uit de Doppler curven werden de 
PEP, AT, DT, ET, maximale snelheid, maximale en gemiddelde decelerate en accelera-
tie bepaald In beide groepen kon geen systematische bias tussen onderzoekers worden 
aangetoond De intraoperator reproduceerbaarheid was beter dan de interoperator 
reproduceerbaarheid voor alle parameters Maximale snelheid en ET waren goed 
reproduceerbaar, terwijl de reproduceerbaarheid van de andere parameters redelijk te 
noemen was Het procentuele absolute verschil binnen en tussen echocardiografisten 
varieerde van 5% tot 26% De reproduceerbaarheid verschilde niet significant tussen de 
verschillende ademhalingsfasen in groep II, maar leek beter in de expiratie fase De 
selectie van eindexpiratoire hartslagen wordt derhalve aanbevolen 
De aanwezigheid van een tamelijk grote variabiliteit in de metingen van pulmonale 
bloedbtroomsnelheidsparameters zouden de tegenstrijdige resultaten van niet invasieve 
bepaling van de bloeddruk in de longslagader met de contour methode kunnen verklaren 
In het tweede gedeelte van hoofdstuk 5 wordt de nauwkeurigheid van de lekstroom 
methode bestudeerd in 23 patiënten (leeftijd 0 1 tot 14 8 jaar) gedurende hartcatheterisa-
tie (n=12), of op de intensive care na hartchirurgie (n=8) of tijdens het testen van 
vaatverwijders (n=3) De met TI bepaalde systolische pulmonale bloeddruk kon 42 keer 
vergeleken worden met de gelijktijdig bepaalde invasieve bloeddruk De diastolische 
pulmonale bloeddruk werd 30 maal vergeleken Sterke correlaties (r>0 90) waren 
aanwezig tussen niet invasief en invasief bepaalde drukken TI overschatte de systolische 
pulmonale bloeddruk significant (-6 1 + 17 7 mm Hg) met als grenzen van overeenkomst -
41 8 tot 29 6 mm Hg Bij lage drukken overschatte Doppler de systolische pulmonale 
bloeddruk Bij hogere drukken was er sprake van zowel onder- als overschatting Tijdens 
kunstmatige beademing was de overschatting groter dan tijdens spontane ademhaling 
Geen significant verschil tussen de met Doppler bepaalde en de invasief bepaalde 
diastolische pulmonale bloeddruk werd gevonden De grenzen van overeenkomst waren -
5 3 tot 6 5 mm Hg Het optellen van de gemiddelde rechter boezem druk aan het met 
Doppler bepaalde drukverschil verbeterde de overeenkomst bij de diastolische, maar niet 
bij de systolische pulmonale bloeddruk bepaling Correctie voor Doppler hoek gaf geen 
verbetering van de overeenkomst, omdat de Doppler hoek in het algemeen klein kon 
worden gehouden 
Uit deze resultaten blijkt dat de overeenkomst tussen de door meting van de TI lek-
stroomsnelheid en de invasief gemeten systolische pulmonale bloeddruk bij kunstmatig 
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beademde kinderen zo gering is dat een nauwkeurige bepaling van de systolische 
pulmonale bloeddruk met gecombineerde kleuren en continuous-wave Doppler echocardi-
ografie niet mogelijk is Niet invasieve bepaling van de diastolische pulmonale bloeddruk 
door PI lekstroomsnelheidsmeting is wel nauwkeurig 
Of bij kunstmatig beademde kinderen met een aangeboren hartafwijking niet invasieve 
bepaling van de pulmonale bloeddruk mogelijk is met Doppler parameters bepaald uit de 
deceleratie-fase van de bloedstroomsnelheidscurve in de longslagader werd onderzocht in 
hoofdstuk 7 Bij 42 kunstmatig beademde kinderen, leeftijd 0 2 tot 16 5 jaar, werden 
parameters afkomstig van de pulmonale bloedstroomsnelheidscurve vergeleken met 
hemodynamische parameters De gemiddelde pulmonale bloeddruk varieerde van 11 tot 
47 mm Hg Pulmonale hypertensie was aanwezig bij 14 kinderen Bij pulmonale 
hypertensie was de maximale snelheid, de maximale acceleratie, de gemiddelde accelera-
tie en de gemiddelde decelerane significant hoger en de AT korter De correlaties tussen 
Doppler parameters en pulmonale hemodynamische metingen waren in het algemeen 
laag In tegenstelling tot onze hypothese dat de deceleratie-fase parameters een nauwkeu-
riger schatting van de pulmonale hemodynamiek mogelijk zouden maken, was alleen de 
maximale decelerate significant gecorreleerd met de systolische en gemiddelde pulmona-
le bloeddruk De acceleratie-fase parameters toonden een betere correlatie met de 
pulmonale hemodynamische metingen Een nauwkeurige bepaling van de pulmonale 
bloeddruk (SEE 5 tot 11 mm Hg), de longvaatweerstand (SEE 1 14 Units) en het 
transpulmonale drukverschil (SEE 7 mm Hg), die hartcathetensatie overbodig maakt was 
echter niet mogelijk Analyses die rekening hielden met de beademing resulteerden niet 
in betere correlaties 
Door het meten van de gemiddelde acceleratie, de maximale decelerate en de voor 
hartfrequentie gecorrigeerde PEP, was een onderscheid tussen de aanwezigheid en 
afwezigheid van pulmonale hypertensie met een goede nauwkeurigheid (91%) mogelijk 
De voorspellende waarde van een negatieve test was 90% en van een positieve test 92% 
In dit onderzoek was de nauwkeurigheid van de niet invasieve bepaling van de pulmona-
le bloeddruk en longvaatweerstand bij beademde kinderen met een aangeboren hartafwij-
king onvoldoende om een hartcathetensatie te kunnen vermijden wanneer nauwkeurige 
kennis van de toestand van het pulmonale vaatbed vereist is De aanwezigheid van 
pulmonale hypertensie kan echter wel met nauwkeurigheid door Doppler echocardiogra-
fie worden vastgesteld 
9.3 CONCLUSIES 
De volgende conclusie kunnen worden getrokken uit dit uitgebreide onderzoek naar de 
prevalentie van rechtszijdige klepinsufficientie, naar de reproduceerbaarheid van Doppler 
lekstroomsnelheidsmetingen en Doppler indices van de pulmonale bloedstroomsnelheids-
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curve en naar de nauwkeurigheid van de lekstoom methode en de contour methode bij het 
bepalen van de bloeddruk in de longslagader 
1 Rechtszijdige klepinsufficientie komt veel voor bij gezonde schoolkinderen en 
kinderen met een aangeboren hartafwijking De prevalentie neemt toe met de 
leeftijd bij de laatste groep 
2 Bij gezonde kinderen zijn PI en TI hemodynamisch onbelangrijk en kunnen 
worden beschouwd als een normale fysiologische bevinding 
3 PI en TI, die het mogelijk maken de pulmonale bloeddruk niet invasief te 
bepalen waren aanwezig bij respectievelijk 25% en slechts 6% van de kinderen 
4 De intraoperatoren interoperator reproduceerbaarheid van PI en TI bloedstroom-
snelheidsmetingen {lekstroom methode) met gecombineerd kleuren en continu-
ous-wave Doppler echocardiografisch onderzoek zijn goed 
5 De reproduceerbaardheid van de TI snelheidsmeting kan worden verbeterd door 
Doppler hoek correctie 
6 De nauwkeurigheid van de met TI lekstroomsnelheid bepaalde systolische 
pulmonale bloeddruk is, met name bij beademde kinderen, onvoldoende 
Hierdoor is met invasieve bepaling van de pulmonale systolische bloeddruk met 
deze methode onbetrouwbaar 
7 De diastolische pulmonale bloeddruk kan door meting van de PI lekstroomsnel-
heid nauwkeurig worden bepaald 
8 De variabiliteit in Doppler parameters verkregen uit de pulmonale bloedstroom-
snelheidscurve {contour methode) is groot en zou de tegenstrijdige resultaten bij 
de niet invasieve bepaling van de pulmonale bloeddruk met deze methode 
kunnen verklaren 
9 Tijdens expiratie is de variabiliteit lager Selectie van eindexpiratoire hartslagen 
voor het bepalen van de Doppler parameters wordt aanbevolen bij kunstmatig 
beademde patiënten {contour methode) 
10 De relatie tussen kenmerken van de pulmonale bloedstroomsnelheidscurve en 
pulmonale hemodynamische parameters is bevestigd, maar laat geen nauwkeuri-
ge bepaling van de pulmonale bloeddruk, de longvaatvaatweerstand en de 
pulmonale drijvingskracht toe bij beademde kinderen 
11 Fysiologische effecten van beademing beïnvloeden de Doppler metingen, maar 
de nauwkeurigheid van de niet invasieve bepaling van de pulmonale hemodyna-
miek verbeterde niet door selectie van hartslagen per ademhahngsfase {contour 
methode) 
12 Een nauwkeurig onderscheid tussen de aan- en afwezigheid van pulmonale 
hypertensie is mogelijk door het bepalen van de gemiddelde acceleratie, maxim-
ale decelerane en de voor de hartfrequentie gecorrigeerde PEP uit de pulmonale 
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bloedstroomsnelheidscurve. 
De resultaten van dit proefschrift tonen dus aan dat bij kinderen met een aangeboren 
hartafwijking in aanwezigheid van PI een nauwkeurige bepaling van de diastolische 
bloeddruk in de longslagader mogelijk is met de lekstroom methode. Daarnaast kan een 
goed onderscheid gemaakt worden tussen de aan- en afwezigheid van pulmonale 
hypertensie met de contour methode. 
9.4 SUGGESTIES VOOR VERDER ONDERZOEK 
Eén van de belangrijkste doelen in de behandeling van kinderen met een aangeboren 
hartafwijking die gecompliceerd kan worden door pulmonale hypertensie, is het voorkó-
men van irreversible pulmonale vaatbeschadigingen. In essentie worden in dit proef-
schrift de mogelijkheden van Doppler echocardiografie bestudeerd om verhoogde 
pulmonale bloeddruk en longvaatweerstand op eenvoudige wijze aan te tonen, zodat 
vroege interventie mogelijk is. Momenteel kan de ontwikkeling van irreversibele 
pulmonale hypertensie worden voorkomen door zeer vroege medische en chirurgische 
interventie. 
De pulmonale hemodynamische parameters zijn indirecte maten voor de aanwezigheid 
van beschadigingen in het longvaatbed, die niet altijd voorspeld worden door de 
pulmonale bloeddruk en de longvaatweerstand. 
Zoals beschreven in hoofdstuk 2 is de kennis van de Pathogenese en pathofysiologie van 
deze complicatie nog incompleet. Veel onderzoek wordt verricht met betrekking tot de 
pathogenetische en pathofysiologische processen bij pulmonale hypertensie. Idealiter 
resulteren deze onderzoekingen in een marker of meerdere markers, die direct gerelateerd 
zijn aan de aanwezigheid en de ernst van de beschadiging in het longvaatbed en daarmee 
de prognose. Niet invasieve technieken, die deze markers aantonen moeten worden 
ontwikkeld. Nucleaire resonantie technieken (beeldvorming en spectroscopie) zijn in dit 
opzicht veelbelovend en zouden de beschadiging in het longvaatbed direct kunnen 
aantonen. Met nucleaire resonantie is het bovendien mogelijk de pulmonale bloedstroom 
nauwkeurig te bepalen. De pulmonale bloedstroom in de hoofdstam van de longslagader, 
maar ook in de kleinere intrapulmonaal gelegen longslagaders kan worden bepaald. 
Onderzoek dat de veranderingen in het bloedstroom profiel van de longslagader relateert 
aan pulmonale hemodynamische veranderingen en de aanwezigheid van pulmonale 
vaatbeschadigingen moet worden verricht. Met intravasculair ultrageluidsonderzoek is het 
mogelijk, ook in kleinere longslagader takken, zowel de pulmonale bloedstroom als de 
vaatwand te onderzoeken. Deze techniek biedt daardoor voor toekomstig onderzoek 
waardevolle mogelijkheden. 
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STELLINGEN 
behorend bij het proefschrift 
THE NONINVASIVE DETERMINATION OF 
PULMONARY HYPERTENSION 
IN CONGENITAL HEART DISEASE 
A.P.J van Dijk 
1. Onnauwkeurigheden ¡η de niet invasieve schatting van de pulmonale bloeddruk 
door meting van de stroomsnelheid over het VSD zijn een gevolg van het 
vergelijken van instantane met piek-tot-piek drukverschillen. 
Dit proefschrift 
2. Het onderscheiden van pathologische en normale fysiologische rechtszijdige 
klepinsufficiënties kan het best worden gedaan door evaluatie van de gevolgen 
van rechtszijdige volume-(over)belasting. 
Dit proefschrift 
3. Doppler parameters afkomstig van de bloedstroomsnelheidscurve van de 
longslagader betrekking hebbend op de acceleratie, deceleratie en de rechter 
kamer functie geven belangrijke informatie over de aanwezigheid van pulmonale 
hypertensie. 
Dit proefschrift 
4. Kinderen, die een correctieve operatie voor een VSD ondergaan in de eerste 8 
levensmaanden, hebben over het algemeen een normale pulmonale bloeddruk I 
jaar na de operatie, ongeacht de emst van de preoperatieve longvaatveranderin-
gen. 
HaworthSG J Pathol 1987,152 157-168 
5. Inhalatie van stikstofoxide vermindert de verhoogde pulmonale vaatweerstand 
bij kinderen met een aangeboren hartafwijking selectiever dan de toediening van 
atriale natriuretische factor. 
Ivy DD el al Am J Cardiol 1996, 77-102-104 
6. Intravascular echografie maakt bestudering van de longvaatwand mogelijk en 
kan een riskante longbiopsie onnodig maken bij patiënten met longvaatbeschadi-
gingen als gevolg van een aangeboren hartafwijking en de weg naar een 
longtransplantatie openhouden. 
7. Het is de taak van het hartrevalidatie team om aan de hand van subdoelen en 
andere relevante informatie voor iedere patiënt een zo optimaal mogelijk 
revalidatie programma vast te stellen 
Richtlijnen hartrevalidatie, Nederlandse Hartstichting en Neder-
landse Vereniging voor Cardiologie, 1995 
8. Digoxine is een effectieve behandeling voor veel patiënten met matig tot ernstig 
hartfalen, maar er bestaat nog onzekerheid over het effect op de mortaliteit. 
ACC/AHA Task Force on evaluation and management of heart 
failure J Am Coll Cardiol 1995,26 1376-1398 
9. Stimulatie van de groei van humane navelstreng endotheelcellen wordt waarge-
nomen na incubatie met serum van patiënten met een acuut myocard infarct 
Lucassen AMJ et al Cardiologie 1995,11 445 (abstract) 
10. Hoewel vrouwen, die behandeld worden met thrombolytica tijdens menstruatie 
een toegenomen risico op matig ernstige bloeddingen hebben, lijkt dit risico het 
mogelijk levensreddende voordeel van thrombolytische behandeling bij het acute 
myocard infarct niet teniet te doen. 
Karnash SL et al J Am Coll Cardiol 1995 26 1651-1656 
11. Maar hoe zou je iets willen onderzoeken wanneer je helemaal niet weet wat dat 
is. Hoe op aarde wou je iets opzetten als je niet weet wat het onderwerp van je 
onderzoek is. Om het anders te zeggen: hoe weet je dat dat wat je hebt gevon-
den datgene is watje niet wist? 
Plato Dialogen Memo aan Socrates, + 380 ν Chr 
12. Hoe groot het invoelingsvermogen van een arts ook is, hij zal nooit dát voelen 
wat een ernstig zieke patiënt voelt, mits hij zelf ernstig ziek is of is geweest. 
13. Oorlog eindigt nooit in vrede. 
14. Wij hebben de allerliefste dochter van de wereld. 
Petra van Dijk, 22 december 1995 



